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rA Areal contaminant removal rate 
s Biomass half saturation constant 
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Notation 
SAR Sodium absorption ratio 
SCA Sydney Catchment Authority 
SOC Soil organic carbon 
SOM Soil organic matter 
STP Soil test phosphorus 
t Residence time 
TKN Total kjeldhal nitrogen 
TS Total solids 
TSS Total suspended solids 
TVS Total volatile solids 
USEPA United States Environmental Protection Agency 
TP Total phosphorus 
V Reactor Volume 
W Width 
Z Depth 
ε Fractional change in flowrate 
θ Temperature coefficient 




Rapid changes in regulation, catchment water quality, and public perception are the 
main driving forces towards more sustainable dairy farming in the Southern Highlands, 
NSW.  A study was undertaken to assess the performance of two established waste 
management systems in terms of on-farm nutrient control/containment.  The systems 
were installed in the mid-1990s as part of a pilot program to develop best management 
practice (BMP) pollution control techniques; however they are now considered to be 
below current BMP standards.  The first was a treatment system consisting of 
stabilisation ponds and constructed wetlands designed to provide low-energy treatment 
before effluent is (legally) discharged into a creek.  The second was a direct application 
to land system that irrigates raw wastewater onto a designated paddock throughout the 
year under all weather conditions. 
Seasonal monitoring of the ponds and wetland treatment system indicated effective 
pollutant removal throughout the year, achieving net pollutant removals of 94%, 87%, 
93%, 67% and 25% for TSS, COD, BOD5, TKN and TP, respectively.  A theoretical 
water balance revealed that addition of 4700 L/d of uncontaminated water was causing 
notable impairment to the removal efficiency of the system.  The performance of the 
system was also inhibited by excessive sludge accumulation in the anaerobic pond 
stage, and deficient vegetation, algal growth and P saturation of the substrate in the 
constructed wetlands.  Performance data from the ponds and wetlands were fitted to 
flow-adjusted first order complete-mix and plug flow models, respectively.   Application 
of the Arrhenius temperature dependence equation revealed that removal of TSS, COD 
and BOD5 in the ponds was positively related to temperature (θ = 1.209, 1.182 and 
1.126, respectively), while temperature had the converse effect on TS and COD 
removal in the wetlands (θ = 0.966 and 0.951, respectively).  Disposal of the effluent 
from the treatment system is allowing the release of 350 kg/yr of nitrogen and 88 kg/yr 
of phosphorus directly into a natural creek, which is resulting in measurable 
degradation of water quality downstream of the discharge point.  Upstream TKN and 
TP concentrations averaged 0.82 and 0.06 mg/L, respectively, while downstream of the 
discharge the mean concentrations for the same parameters were 4.13 and 1.55 mg/L, 
respectively. 
Soil from the land application site was intensively sampled to obtain informative data on 
chemical properties as affected by effluent treatment.  To facilitate the assessment an 
untreated site was sampled to provide comparative data from land that is utilised 
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according to a typical pasture management regime.  Surface runoff was also captured 
from both the effluent-treated (treated) and untreated sites to investigate nutrient export 
from the waste application site.  The general outcome of the soil analyses was to show 
that wastewater application is positively affecting the available nutrient pool, but on the 
whole is exhibiting no greater impact on soil properties than other land use factors such 
as intensive stocking and pasture improvement.  Significant increases in soil nutrient 
concentrations resulting from waste application were associated with more mobile 
plant-available nutrient species including extractable phosphorus, nitrate and 
potassium, which are mostly by-products from natural decomposition of the organic 
fraction of the applied waste.  Otherwise, waste application had no bearing on the net 
nutrient status of the soil in terms of TP, TN, CEC, and organic matter.  Runoff 
monitoring indicated that mean concentrations of all forms of nutrients were 
significantly higher in surface runoff from the treated site than in runoff from the 
untreated site.  TKN, NH3-N, TP and DRP concentrations averaged 3.36, 0.77, 0.89 
and 0.69 mg/L, respectively, from the untreated site, while the same parameters 
averaged 20.56, 8.60, 7.77 and 6.44 mg/L, respectively, on the treated site.  
Concentrations were related to rainfall quantity but not intensity indicating that 
mechanisms of desorption and dissolution governed nutrient export from effluent 
treated pasture.  Thus contamination of surface runoff was indicative of short-term 
impacts related to direct wash-off of nutrients from applied waste rather than endemic 
problems associated with over enrichment of the receiving soil.   
The evaluation identified major shortcomings associated with the two forms of waste 
management system under review.  Significant modifications to both systems are 
required in order to achieve complete nutrient containment as required to satisfy 
regulatory standards.  Further research is recommended to determine whether 
adherence to best management practice (BMP) will prevent nutrient losses and to 
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As the notion of sustainability commands greater attention, issues of environmental 
protection and resource conservation and management become increasingly relevant 
to agricultural activities.  One particular area of concern is the deleterious impacts 
caused by the disposal of agricultural wastes on the very natural resources and 
environment upon which agriculture depends.  The importance of sound agricultural 
waste management practice is becoming increasingly apparent as our water resources 
continue to display the symptoms of being subject to sustained pollution pressure from 
both point and diffuse sources.  And when considered in the context of water supply 
catchments where contamination of water bodies can have dramatic repercussions, 
such pollution control measures take on heightened significance. 
Dairy farming is Australia’s third largest rural industry with a farm gate production value 
of over $3 billion.  In 2001 there were 11,876 registered farms Australia-wide with an 
average herd size of 190 cows.  NSW is Australia’s second largest milk-producing state 
with 1,430 farms milking 284,000 cows to produce 13% of Australia’s total milk output 
(Australian Dairy Corporation, 2002).  Dairy farming is also a major producer of high-
strength waste that has been linked to water pollution problems such as eutrophication 
and algal blooms.  Effective management of this problematic waste has been the 
subject of increased scrutiny since the early 1990s, which has led to significant 
improvements in waste management standards within the industry.  It remains to be 
seen however, whether these upgraded standards are meeting expectations and 
translating into effective pollution control without impediment to milk production. 
1.1 DAIRY SHED WASTE AND DIFFUSE SOURCE POLLUTION 
The typical dairy farm is a source of exceptionally strong and highly variable organic 
waste that may be up to an order of magnitude more concentrated than domestic 
sewage (Wrigley, 1994; Longhurst et al., 2000).  The waste from dairy farming activities 
emanates from the dairy shed - otherwise known as the milking house or shed, or 
simply the farm dairy - which is the centre of milk production on the farm.  The liquid 
waste stream known as dairy shed (or farm dairy) effluent is generated by the wash 
down of the milking parlour and holding yards after each milking session.  The main 
contaminants in the wastewater are the manure and urine that is deposited over the 
course of the milking process.  Smaller quantities of other contaminants such as 
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mucus, hair, soil, stones, grass and waste feed from the animals, and milk, detergent 
and disinfectant residues in the wash water from the milk handling equipment are also 
present (Wrigley, 1994; ARMCANZ, 1999; NSW Agriculture, 1999). 
Pollution from dairy shed waste is classified as diffuse (non-point) source pollution and 
generally occurs as a result of inadequate waste management practices, which allow 
effluent to discharge directly or be transported by stormwater runoff into waterways.  
Groundwater contamination may also occur when effluent is allowed to percolate 
through the soil profile to the underlying groundwater table.  Diffuse pollution (mostly 
from agriculture) accounts for well over half of all water pollution in Australia, and an 
even greater fraction of nutrient pollution (Roberts, 1995).  Dairy farm effluent has been 
identified as a significant contributor to diffuse source pollution and nutrient enrichment 
of waterways (NSW EPA, 2000; ANZECC and ARMCANZ, 2000b).  Nutrient 
enrichment causes algal blooms and promotes the growth of weeds, which has 
ongoing social, economic and environmental impacts; water supplies, human health, 
agriculture (livestock), wildlife, recreation and tourism can be affected (ANZECC and 
ARMCANZ, 2000a). 
The main contaminants in dairy shed waste, namely organic matter (measured as 
biochemical oxygen demand), nitrogen, phosphorus, salt and pathogens pose an 
immediate hazard when released into the environment in an uncontrolled manner.  
Pollution associated with the intrusion of dairy shed waste into waterways has 
previously been identified by the visible accumulation of sludge and unusually high E-
coli (bacteria) counts in streams located immediately downstream of farms (Crocos, 
1990; Monks and Wrigley, 1993).  Elevated levels of suspended sediment, turbidity and 
organic load, and reduced oxygen availability are also symptoms of contamination by 
dairy shed waste (ANZECC and ARMCANZ, 2000b).  However, it is the nutrient 
content of the waste that poses the most difficult challenge in terms of waste 
management and pollution control.  The elevated concentrations of nitrogen and 
phosphorus in dairy shed waste are liable to contribute to eutrophication (accelerated 
nutrient enrichment of a water body) and associated nuisance algal growth (and 
blooms) when the waste, or water contaminated by the waste, comes in contact with 
surface waters. 
In the relatively dairy-intensive Williams River catchment in the Hunter Valley region, 
diffuse sources have been estimated to contribute 96% of the total phosphorus load in 
the river (Mackenzie, 1992 in Windeyer, 1994).  69% of the phosphorus (P) load was 
agriculturally derived and 20% was estimated to originate from dairy farms.  Not all of 
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the P load from dairy farms would actually come from effluent disposal (the likely 
majority being derived from runoff from the intensively grazed and fertilised pasture).  
The waste generated in a dairy shed generally amounts to 10% of the total nutrient 
intake of the herd (Sukias et al., 2001), but its contribution to the nutrient export load is 
nonetheless likely to be significant.  In a sub-catchment of the Hawkesbury-Nepean 
catchment, P and nitrogen (N) contributions from intensive dairy farms amounted to 
35% and 6% respectively of the measured total of nutrient export over the monitoring 
period (Baginska et al., 1998).  Extrapolated yearly phosphorus generation rates were 
higher again, suggesting that dairy farms and dairy effluent are indeed significant 
sources of diffuse nutrient pollution. 
1.1.1 A Growing Problem 
Reduced government support and increased exposure to market forces has 
dramatically changed the nature of dairy farming over the past thirty years.  To 
maintain profitable operation in increasingly deregulated markets, dairy farms have 
been forced to increase milk production with larger herds and more intensive farming 
techniques.  Many smaller farms have been forced out of the market, as they are 
unable to compete with larger, more cost-efficient farms.  By 2000, all states had 
repealed legislation related to pricing and sourcing of milk, which meant the industry 
had been completely deregulated (Australian Dairy Corporation, 2000).  While the total 
number of farms has declined over recent years, farm herd sizes, milk production per 
cow, total number of cows and total milk production have all steadily increased (refer to 
Figure 1.1). 
The effects of deregulation on the dairy farming (milk production) industry exacerbate 
the waste management and pollution control problem.  The trend of increasingly 
intensive production is resulting in greater volumes of more concentrated waste being 
generated at the dairy shed (Hubble and Phillips, 1999; ARMCANZ and ANZECC, 
1999; Longhurst et al., 2000).  Larger herds produce greater amounts of manure, and 
require expanded yards and milk harvesting equipment, thus demanding greater 
volumes of water for cleaning (Crocos, 1999).  In New Zealand where the situation is 
similar to Australia, the average nitrogen content of dairy shed waste has increased by 
over 100% in the past twenty-five years (Longhurst et al., 2000).  So as dairy farms 
continue to increase in size and production, so does the waste problem and associated 
environmental pollution such as contamination of surface waters, increases in 






Figure 1.1  Australian milk production vs indices of farms and cows milked 1980 - 
2001 (Australian Dairy Corporation, 2002). 
Operating on lower profit margins, the farmer has less money available to direct into 
seemingly less-integral farm operations like waste management.  This is particularly 
the case for smaller-scale farms of around 100-150 head that now have to compete 
with super-dairies milking several hundred to several thousand cows.  These smaller 
farms are the predominant form of dairy in the Southern Highlands region of NSW.  In 
keeping with the national trend, many have been forced out of business, as they were 
unable to sustain the consistent and marked decreases in milk prices at the farm gate.  
While more of these smaller farms are likely to eventually drop out of the market, many 
are making the decision to continually increase their herd size in an effort to remain 
competitive.  These farmers will inevitably be faced with having to prove the 
effectiveness of their existing waste management systems to regulatory bodies, or 
upgrade to accommodate increased operative scales and meet environmental 
standards. 
1.2 WASTE MANAGEMENT ON DAIRY FARMS 
Due to its high pollution potential, wastewater from the dairy shed must be managed so 
as to prevent intrusion into and contamination of surface and groundwater bodies.  The 
pollution control techniques employed in dairy shed waste management typically 
comprise low-tech engineering solutions adapted to suit site conditions.  However, the 
unsophisticated appearance of waste management facilities belies the complex nature 
of the waste management problem.  The various principles, variables, constraints and 
potential environmental hazards associated with dairy shed waste management 
present a complex array of design considerations.  Furthermore, when considered in 
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terms of whole farm planning - that is land, resource and farm management, farm 
economics, time constraints, and environmental regulation - effective and sustainable 
waste management in dairy farming is a sensitive and difficult challenge. 
1.2.1 Balancing Sustainability and Affordability 
Achieving effective containment and reuse at minimum expenditure and impairment to 
milk production is the fundamental thrust of waste management in dairy farming.  
Appropriate ‘best management practice’ (BMP) should therefore be both agronomically 
and environmentally effective.  Aside from mitigating pollutant loads to water bodies in 
line with water quality objectives, BMP should also aim to promote (not impede) milk 
production and quality and also conserve and possibly enhance soil productivity 
(Windeyer, 1994).  A key consideration to this end is to integrate a waste management 
system into farm operations as much as possible so as to minimise the hindrance to 
regular farm activities and to maximise the benefits to the farm that may accrue from 
effective reuse of resources.  At the same time, a system must be manageable (from a 
technical perspective) and capital and on-going costs must remain within the economic 
scale of the farm.  Accordingly, a waste management system on a typical dairy farm in 
Australia employs simple, low-cost technology that relies on natural processes to break 
down the waste and beneficially utilise the waste constituents.  The development of 
effective, inexpensive and robust waste management systems that require moderate 
levels of farmer input is likely to provide greater impetus to farmers to accept the 
responsibility of managing their waste. 
1.2.2 Regulations and Guidelines 
In Australia waste management on dairy farms is subject to state legislation and 
regulations and typically lies under the legal jurisdiction of local municipalities.  The 
general regulatory standard is to contain all waste within the farm boundaries and 
prevent its intrusion into natural water bodies. There are numerous guidelines available 
to assist farmers and in designing and installing systems to meet this objective.  
National (Australia and New Zealand) guidelines have been produced by ARMCANZ 
(1999) that give a general outline of best management practice in dairy shed waste 
management.  Within Australian states and territories, design manuals/guidelines are 
available from the relevant statutory bodies.  In NSW a set of guidelines has been 
produced by NSW Agriculture in consultation with the NSW EPA (NSW Agriculture, 
1999) that provide detailed design methodology.  Various state and regional dairy 
industry bodies also offer guidance and assistance to farmers installing waste 
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management systems in varying forms and degrees (see for example NSW DFA, 
1994). 
1.2.3 Resource Recovery, Reuse and Recycling 
In the past dairy shed waste has been viewed as a useless by-product, and disposal 
with some minor treatment was the defining feature of dairy shed waste management.  
In more recent times however, greater attention on appropriate waste management 
within the context of sustainability has brought about a shift in the way waste is viewed 
from being a problem of disposal to the management of a valuable resource (Crocos, 
1999).  This has sparked the development of innovative techniques of waste 
minimisation, reuse and recycling, and encouraged farmers to consider their effluent 
problem in a new light.  Water savings, increased production efficiency and soil 
amendment are the lauded benefits of an effective waste management system.  The 
fertiliser value of dairy shed effluent has received particular attention as the strategic 
application of the effluent to land can supplement regular fertiliser inputs, with the 
potential to provide up to 10-20% of an average farm nutrient budget (Longhurst, 
2000).  Such ‘positives’ for milk production are widely used by authorities to promote 
the move towards more sustainable methods of waste management in dairy farming. 
1.3 DAIRY SHED WASTE MANAGEMENT IN THE SOUTHERN HIGHLANDS 
REGION OF NSW, AUSTRALIA 
In the Southern Highlands region of NSW geographic and climatic conditions, and 
proximity to Sydney’s water supply catchments make dairy shed waste management a 
particularly problematic exercise.  The identification and mitigation of significant 
sources of water pollution is a major focus of the Sydney Catchment Authority (SCA).  
Meeting the guidelines that govern dairy shed waste management practices in NSW, 
and adhering to the basic tenet of ‘no waste to leave the farm’ is certainly no simple 
task.  For example, the high average rainfall of the region makes the construction of 
full-sized regulation-standard (NSW Agriculture, 1999) holding ponds a logistical 
nightmare and sometimes prohibitively expensive.  The heightened cost of providing for 
wet-weather and winter storage of effluent places a significant constraint on beneficial 
reuse of effluent, particularly on farms using larger volumes of water for wash down in 
high rainfall areas (Jayawardane, 1995).  Yet other conventional techniques of waste 
management are likely to cause water pollution that is not tolerable, particularly in a 
water supply catchment. 
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According to the Protection of the Environment Operations Act  (NSW) 1997 s48, a 
typical farm in the Southern Highlands region that milks fewer than 800 cows does not 
require a license from the EPA and therefore lies under the regulatory jurisdiction of the 
local council.  Waste management systems are recommended to be designed in 
accordance with EPA-endorsed guidelines (NSW Agriculture, 1999).  To help relieve 
the financial burden placed on farmers having to install and/or upgrade waste 
management facilities, the Department of Land and Water Conservation (DLWC) 
collaborated with the SCA to initiate an extension program called the Catchment 
Protection Scheme (CPS).  The program provides funding and technical expertise to 
farmers looking to upgrade their waste management systems in accordance with state 
pollution law and EPA requirements.  Some early systems installed under this scheme 
before the guidelines were introduced were designed for minimal farmer input and do 
not satisfy the new guideline directives. 
These older systems were used as part of a trial to determine best management 
practice in nutrient control on dairy farms. Their long-term effectiveness remains to be 
proven.  Over the past five years, dramatic pollution incidents in Sydney Water supply 
catchments such as incidences of algal blooms and the Cryptospiridium scare of 1999 
have instilled greater urgency amongst authorities (particularly the SCA) to mitigate 
diffuse source pollution.  As a result, the CPS has been pursued more vigorously to 
ensure that all dairy farms in the region comply with effluent disposal guidelines.  The 
farms that installed systems in the early years of the CPS and were once used as 
examples of appropriate waste management are once again under the scrutiny of the 
SCA. 
1.4 EXAMINING DAIRY SHED WASTE MANAGEMENT PERFORMANCE 
This thesis considers the sustainability challenge faced by dairy farmers described 
above; that of managing their growing waste stream in such a way as to prevent 
environmental degradation with minimal impact on the efficiency of farm operations.  
The study looks at two older, well-established waste management systems installed 
under the DLWC/SCA extension program in the Southern Highlands to determine the 
environmental impacts associated with their operation.  The first is a treatment and 
disposal waste management system where the waste flows through a series of ponds 
and wetlands designed to reduce the levels of contaminants in the effluent to levels 
that are low enough to allow for safe disposal into a natural creek.  The second is a 
simple purpose-designed and -built reuse system that applies the waste directly to 
land.  The technique simply involves irrigating the waste onto designated pastureland 
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immediately after production for the beneficial reuse of valuable water, nutrients and 
organic matter.  The systems were originally constructed as part of a pilot program 
under the CPS to trial different waste management options. 
The study was essentially a field monitoring program investigating the performance and 
impacts of these two demonstration systems.  The waste management designs were 
intended to minimise capital and ongoing expenditure, and to provide simple, low-
energy, low-maintenance systems that did not require significant input on the part of 
the farmer.  However, both systems represent a compromise of standards set in the 
relevant guidelines for dairy shed waste management (NSW DFA, 1994; ARMCANZ, 
1999, NSW Agriculture, 1999) and could potentially cause environmental pollution and 
therefore breach regulations.  The land application system has no waste storage 
facility; hence waste is applied under all weather conditions presenting risk of 
contaminant export via surface runoff.  The treatment system discharges effluent into a 
natural creek which is generally only acceptable when a licence has been granted on 
the basis that the discharge will not degrade in-stream water quality.  The potential for 
pollution depends on the quality of the effluent, and is related to the contaminant 
removal efficiency of the system. 
1.4.1 Aims and objectives 
The central aim of the study was to gauge the impacts and performance of the waste 
management systems in question and relate the findings to engineering principles of 
pollution control.  The two systems represent distinctly different approaches to waste 
management.  Hence the study comprised two discrete components, allowing for the 
systems to be evaluated individually using methodology appropriate to the 
reuse/disposal technique employed.  The pond and wetland treatment system was 
evaluated in terms of treatment efficiency and its impacts on stream water quality due 
to effluent discharge.  The objectives of the evaluation include: 
1. to monitor pollutant concentrations in effluent from various stages in the 
treatment system to determine reduction percentages; 
2. to examine the influence of changing flow and temperature on the performance 
of the system; and 
3. to measure water quality impacts on the stream receiving effluent discharge 
from the system. 
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The evaluation of the land application system was based on determining whether the 
receiving land (soil) is capable of assimilating the high organic, salt and nutrient loads 
in raw dairy shed waste on a continuous basis, and preventing nutrient losses to 
surface waters. Specific objectives included: 
1. to determine the waste loading to the land application site; 
2. to assess the effect of effluent application on soil chemical properties and 
nutrient accumulation and migration within the soil profile; and 
3. to assess the impact of effluent application on surface runoff water quality. 
The findings of the two components of the study provided the basis for assessing 
whether the systems, and the manner in which they are operated and maintained, are 
satisfactory waste management solutions.  Finally, the findings of the two components 
of the study were drawn together to determine what modifications could be made to 
both systems to improve their performance, and to identify future research directions. 
1.4.2 Scope 
To conduct the evaluation of the two systems, a program of field sampling and 
laboratory analysis of effluents, soil and surface runoff from the aforementioned farms 
was undertaken.  The program was divided into two separate sampling and analysis 
regimes, one for each of the systems under evaluation.  The farms selected for the 
study were: 
Farm 1, located 5 km outside Mittagong, adjoining the Nattai Creek (waste 
treatment system) 
Farm 2, located approximately 6km east of Moss Vale on the Illawarra Highway 
(land application system) 
The parameters used for analysing soil and water samples are listed in Table 1.1.  
Most of the parameters listed were analysed in the Environmental Engineering 




Table 1.1  Parameters for analysing wastewater, water, and soil samples. 
Water quality and wastewater parameters Soil properties 
pH pH (1:5) 
Conductivity (EC) Conductivity (EC 1:5) 
Biochemical oxygen demand (BOD5) Exchangeable cations 
Chemical oxygen demand (COD) Cation exchange capacity (CEC) 
Total solids (TS) Soil organic matter (by loss on ignition, LOI) 
Total suspended solids (TSS) Total kjeldahl nitrogen (TKN) 
Total kjeldahl nitrogen (TKN) Ammonium (NH4-N) 
Ammonia (NH3-N) Nitrate (NO3-N) 
Nitrate (NO3-N) Extractable (Bray-1) phosphorus 
Total phosphorus (TP) Total phosphorus 
Dissolved reactive phosphorus (DRP) Particle size analysis 
 
1.4.3 Thesis Outline 
The purpose of this thesis is to establish a theoretical framework for the research (the 
evaluation of the dairy shed waste management systems introduced above), and 
present the methodology and the findings of the work undertaken within that 
framework.  Thus Chapter Two establishes the context of the research project through 
a review of the literature related to the forms of waste management under evaluation.  
An overview of the generation, characteristics and management of dairy shed waste is 
presented, followed by a discussion of the performance and impacts of the two forms of 
waste management under examination. The research work undertaken is then 
presented over the following two chapters.  The evaluation of the waste stabilisation 
pond and constructed wetland treatment system is presented in Chapter Three, which 
consists of a description of the farm and its waste management system, an outline of 
the evaluation methodology, a section presenting the results of the field monitoring, 
and a discussion of the findings.  The evaluation of the land application system is 
presented in a similar fashion in Chapter Four.  The conclusions and recommendations 
of the study are stated in the final chapter of the thesis.  Options for improvement or 





REVIEW OF CURRENT PRACTICES AND STUDIES IN DAIRY 
SHED WASTE TREATMENT AND REUSE 
Waste management in dairy farming relies upon simple, low-energy treatment and 
reuse systems that utilise natural processes to assimilate the waste into the 
environment in a sustainable manner.  Such systems require minimal labour input from 
the farmer/operator, an essential feature of dairy waste management facilities that are 
designed to aid (or at least not impede) milk production.  The most widely used forms 
of waste management in dairy farming are storage/treatment using waste stabilisation 
ponds and reuse by application to land.  Conventional natural treatment systems 
comprise one stabilisation pond, or a series of ponds.  Constructed wetlands are 
becoming an increasingly popular alternative or addition to waste stabilisation pond 
systems.  Land application may also be considered a method of natural treatment, 
although in the context of dairy shed waste management it is considered more as an 
effluent reuse technique.  Treatment facilities provide for greater ease of handling of 
wastewater and control over wastewater distribution, as well as improved effluent 
quality for reuse purposes.  Reuse provides an end-point for the waste in the 
management context, but also becomes part of the water cycle and the nutrient cycle 
both at the farm level and within the broader environment.   
This chapter reviews the literature related to the forms of dairy shed waste 
management under evaluation in this study.  To provide a contextual framework for the 
review, an introduction to the waste stream and its characteristics, and an overview of 
the various management strategies used to control the waste are given in the first two 
sections.  Following that is a detailed discussion of the technical and environmental 
aspects of the two forms of waste management under examination in this thesis, 
namely treatment using natural systems (waste stabilisation ponds and constructed 
wetlands) and reuse by land application.  The review of natural waste treatment 
technology is divided into two sections, covering waste stabilisation ponds and 
constructed wetlands, respectively.  These sections include a review of the forms, 
design, utilisation and performance of the two forms of natural waste treatment in 
relation to dairy shed waste management.  The purpose, use and impacts of waste 
reuse through application to land are discussed in Section 2.5, with a focus on the 
effects on soil chemical properties and nutrient losses via surface runoff.  The final 
section summarises the findings of the literature review in terms of current 
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understanding of the performance and impacts of dairy shed waste management 
practices, and locates the aims of the present thesis project within the broader context 
of contemporary research. 
2.1 DAIRY SHED WASTE CHARACTERISTICS 
Being essentially a slurry of cow manure, dairy shed waste is a particularly strong form 
of organic waste with high oxygen demand and volatile solids content.  Due to the 
enriched nutrient (nitrogen, phosphorus and potassium) content of improved pasture 
that dairy herds graze, it also tends to have elevated nutrient concentrations.  The 
quantity and characteristics of dairy shed waste tend to be highly variable both 
between individual farms (Hubble and Phillips, 1999; Fyfe, 1999) and over time on a 
particular farm (Sweeten and Wolfe, 1994; Longhurst et al., 2000).  Differences in 
waste characteristics between farms are attributable primarily to the unique site 
conditions, shed characteristics and operative scales and techniques of individual dairy 
farms.  The inherent variability of the wastewater itself is due to the inconsistent nature 
of the factors that influence the volume and pollutant loading of the waste stream.  
These determinants can vary from day to day, or over the course of a season. 
Generally speaking, the volume of wastewater is determined primarily by the size of the 
yards and the dairy (Loehr, 1984), while the pollutant load mainly depends on the size 
of the herd and the time it spends in the yard (ASAE, 1991; Crocos, 1990; Wrigley, 
1994).  Table 2.1 provides an indication of the strength and unpredictability of dairy 
shed waste characteristics.  The inconsistent nature of the waste precludes 
standardisation of its characteristics as per municipal wastewater (see Metcalf & Eddy, 
1991) and demands robustness and flexibility in design of waste management 
systems. 
Most dairy farms in Australia are pasture-based, hence deposited manure only 
accumulates during milking sessions which may occur once, twice, or on some farms 
three times each day.  This generally amounts to approximately 8-10% of the total 
manure production of the herd (NSW Agriculture, 1999; Hubble and Phillips, 1999; 
Sukias et al., 2001).  These types of farms are also prevalent in New Zealand 
(Longhurst et al., 2000), but in the United States (US) and Europe, many farms house 
the herd permanently, creating a continuous waste stream and thus greater volumes of 




Table 2.1  Dairy shed wastewater characteristics data from Australia, New Zealand and the US compared 
with the typical composition of medium-strength untreated domestic wastewater. 
Dairy shed wastewater Municipal 
wastewater 


















Biochemical Oxygen Demand 
(BOD5), mg/L 
3200  1192   220 
Chemical Oxygen Demand 
(COD), mg/L   6218  6720 500 
Suspended Solids (SS), mg/L 2400  3151  3063 220 
Total Phosphorus (TP), mg/L 25.9 90.4 69.5 69 62 8 
Total Nitrogen (TN), mg/L 187 1050 290 342 304.1 40 
Ammonia (NH3-N), mg/L 83.6  163 48 280.1 25 
Total Potassium, mg/L 200 774  370 383.9  
pH 8 6.75 8.28  7.55  
Salt (as EC), dS/m 1.12 7.44   4.00 0.8  
Chloride, mg/L 180 734   193 50 
Sodium, mg/L 119   54 155  
Magnesium, mg/L 27   39 93  
Sodium Adsorption Ratio 4.3  1.1  2.1  
a Averaged data from various farms  
b Averaged data (unpublished) from four individual farms. 
c Averaged data from three individual farms. 
d Averaged data from various studies. 
e Averaged data from three individual farms. 
 Calculated from total dissolved solids concentration. 
2.2 WASTE MANAGEMENT OPTIONS 
Dairy shed waste management systems consist of various collection, conveyance, 
storage and treatment facilities.  They are designed primarily according to the unique 
characteristics of the farm and the waste generated.  Individual systems may be 
classified under two broad categories: 
1. waste treatment with effluent disposal, reuse or recycling; or 
2. waste reuse by application to land. 
A number of variations of these techniques have been employed across Australia and 
there is no universal system design.  The selection of a particular style of system is 
dependent on site conditions such as rainfall, topography, soil type and proximity to 
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water bodies and places of residence.  A diagrammatic summary of the various waste 
management options is given in Figure 2.1. 
Waste treatment typically utilises a two-stage anaerobic-aerobic pond system to 
renovate the wastewater to a point where it is safe for off-site disposal, application to 
land or recycling back into the wash-down system.  Additional treatment stages such 
as a third pond or constructed wetlands have been used where land availability 
permits.  Disposal of effluent, treated or otherwise, to a watercourse is no longer an 
accepted practice except where it may be shown that it is ‘consistent with the 
integrated catchment management strategy of the area, and the relevant guidelines of 
the licensing agency’ (ANZECC and ARMCANZ, 1999, p. 23).   
There are two options associated with land application of waste.   Direct application 
simply involves the conveyance of the raw wastewater directly to a land application site 
during or after wash-down.  It has the benefit of avoiding the costs of large treatment 
and storage infrastructure and provides for complete reuse of the nutrient value of the 
waste. However, it offers limited control over irrigation and associated pumping needs, 
requires ongoing operation and maintenance costs, and is vulnerable to breakdown. 
There is also greater risk of environmental hazards such as contaminated runoff 
leaving the property, and increased potential for soil clogging and infiltration reduction, 
and general overload of water, organic matter and nutrients in the soil (Wrigley, 1994).   
The second option of storing waste for subsequent application to land under suitable 
conditions provides a greater level of control over runoff and is more likely to satisfy 
plant nutrient and water requirements without greatly exceeding them.  It allows for 
timing of application to meet crop or pasture requirements, to match labour availability 
and to avoid irrigating during periods of high rainfall. It also offers improved disease 
control, greater scope for strategic application to land, and fewer problems with 
pumping and conveyance, although the nutrient value of the waste is compromised, 
lowering the reuse value as fertiliser (Crocos, 2000).   
Any of the aforementioned treatment and reuse systems may incorporate preliminary 
solids removal using a coarse solids trap.  This reduces the potential for blockages and 
associated problems, increases storage time and may improve treatment.  However, it 
also introduces additional tasks of emptying and stockpiling the screened solids from 





Figure 2.1  Waste management options on a typical Australian dairy farm. 
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Detailed discussion of the selection, design and installation of dairy shed waste 
management systems can be found in Wrigley (1994), DFA (1994), Fyfe (1999), 
ANZECC and ARMCANZ (1999) and NSW Agriculture (1999).  The systems under 
evaluation in this thesis are a treatment system incorporating two ponds and two 
wetlands with effluent disposal to a creek, and a direct application to land reuse 
system. 
2.3 TREATMENT USING WASTE STABILISATION PONDS 
Waste stabilisation ponds (WSPs) are the conventional treatment system used for 
treating dairy and other livestock wastewaters in Australia (Wrigley, 1994).  Pond 
systems are suitable for wastewater from large herds, and are relatively low 
maintenance, have no direct operating costs, and the effluent is easier and cheaper to 
pump than raw wastewater. They are also widely used to treat liquid wastes from 
livestock operations in New Zealand (Hickey, et al., 1989, Longhurst et al. 2000 and 
Sukias et al., 2001) U.S. (Sweeten and Wolfe, 1994).   
Otherwise referred to as treatment or oxidation ponds, stabilisation ponds are designed 
to reduce organic, nutrient and pathogenic loadings of wastewater to produce an 
effluent suitable for subsequent reuse/disposal.  They are not, however, considered a 
satisfactory means of waste disposal when used in isolation, as the pollution potential 
of the effluent is still quite high, particularly in terms of nutrient (nitrogen and 
phosphorus) levels (Wrigley, 1994).  Hickey et al. (1989) examined effluent from ponds 
treating dairy shed wastes that required a dilution factor greater than 250 to allow for 
safe disposal to surface waters.  Hence ponds are typically used in livestock operation 
waste management to provide for storage requirements and greater ease of handling in 
land application of wastewaters, or in combination with subsequent effluent treatment 
processes such as constructed wetlands that produce a less polluting effluent prior to 
disposal. 
2.3.1 Pond Configurations 
WSP are classified according to aeration status and the associated dominant biological 
reactions occurring within the pond (Loehr, 1984; Reed et al., 1995, Metcalf & Eddy, 
1991).  The most common configurations used in livestock operation waste 
management tend to be anaerobic ponds, aerobic ponds and facultative ponds.  
Anaerobic and aerobic/facultative ponds are widely used in dairy shed waste 
management in Australia and New Zealand, typically in tandem series with the 
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anaerobic pond receiving the raw wastewater and the aerobic pond treating the effluent 
from the anaerobic pond.  It is recommended that the effluent from such a two-stage 
system is either applied to land or recycled as wash-down water (NSW Agriculture, 
1999). 
Anaerobic ponds are particularly effective in the treatment of high-strength organic 
wastewater with high solids concentration (Metcalf & Eddy, 1991), making them ideal 
for agricultural waste applications.  Organic loadings to anaerobic ponds are so heavy 
that aerobic conditions simply cannot be established (Reed et al., 1995).  They have a 
relatively small surface area to depth ratio to create the appropriate conditions for 
anaerobic bacterial activity.  Aerobic ponds are shallower with a larger surface area to 
provide for aeration and aerobic breakdown of organic content.  Dissolved oxygen is 
maintained throughout the water column to support the algae and aerobic bacteria that 
effect waste treatment (Metcalf & Eddy, 1991).  Aerobic ponds can be used in isolation 
to treat livestock wastes, but to achieve effective stabilisation very large surface areas 
are required.  Hence anaerobic ponds, or combined two-stage systems, are 
customarily used (Wrigley, 1994). 
Aerobic ponds used for livestock operations are not always strictly aerobic in that they 
often display facultative pond design characteristics and treatment processes (Hobson 
and Robertson, 1977). Facultative ponds facilitate both anaerobic and aerobic 
biochemical processes in the breakdown of the waste through the stratification of the 
supernatant into a lower anaerobic zone and an upper aerobic zone (Metcalf & Eddy, 
1991).  The oxygenated layer in a typical dairy shed waste ‘aerobic’ pond may only 
comprise the top 10-15 cm of the water column (NSW Agriculture, 1999).  Thus, the 
aeration status of heavily loaded aerobic ponds is not likely to be ideal and the terms 
aerobic and facultative may be interchangeable. 
2.3.2 Pond Treatment Processes 
Treatment ponds rely on a combination of natural physical, chemical and biological 
processes to renovate wastewater.  The main processes include settling, bacterial 
decomposition (anaerobic and aerobic) and precipitation.  Due to long detention times 
and quiescent conditions, settling is generally the most effective contaminant removal 
process, although resuspension can occur due to wind-driven turbulence, bioturbation 
and gas lift (Reed et al., 1995).  Sedimentation of the suspended organic material in 
the wastewater reduces concentrations of solids, biochemical oxygen demand (BOD) 
and particulate-bound (mostly organic) forms of nutrients.  Dissolved solids are 
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removed by chemical precipitation, which also contributes to the sediment pool.  
Sediment inevitably accumulates in pond systems, which can be problematic for ponds 
receiving high solids loadings as accumulated sludge reduces the pond volume and 
thus the effective residence time, and subsequently treatment efficiency is 
compromised.   
In anaerobic ponds, stabilisation of the supernatant is achieved primarily by 
precipitation and microbial decomposition of suspended and dissolved organic matter 
(Metcalf and Eddy, 1991).  Below the partially aerated surface where some aerobic 
activity occurs, the supernatant becomes increasingly anaerobic with depth and 
organic material is broken down by anaerobic digestion.  By-products of the anaerobic 
breakdown process include carbon dioxide, methane and other gaseous end products, 
organic acids and cell tissues (Hobson and Robertson, 1977).   
Aerobic ponds rely on an oxygenated water column and a symbiotic relationship 
between algae and bacteria to function effectively.  Dissolved oxygen levels are 
maintained by surface aeration, which is assisted by wind and rain and algal 
photosynthetic activity.  Oxygenation from photosynthesis is directly proportional to 
algal activity levels, which are controlled by the presence of light, temperature, 
availability of nutrients and other growth factors (Reed et al., 1995).  Aerobic microbes 
that oxidise the organic content of the influent readily consume the oxygen released 
from algal growth.  The nutrients and carbon dioxide produced by the bacteria are in 
turn used by the algae (Metcalf and Eddy, 1991).  Notionally, the entire water column in 
aerobic ponds is aerated to achieve complete aerobic degradation of organic matter.  
‘Aerobic’ ponds treating livestock wastes, however, are more likely to behave as 
facultative ponds since surface aeration cannot meet theoretical oxygen demand and 
the deficit is only partially made up by the oxygen produced by algal photosynthesis 
(Loehr, 1984). 
Nutrient removal in WSPs mostly occurs through the settling of suspended organic 
material.  Bezdicek et al. (1977) found that while pond sludge amounted to only 16% of 
total waste output, it held 45%of the nitrogen and 50% of the phosphorus entering a 
pond system treating dairy waste.  Similarly, Longhurst et al. (2000) reported that the 
major proportion of nutrients in anaerobic ponds treating dairy shed waste was 
contained in the bottom layer of accumulated sludge.  NSW Agriculture (1999) estimate 
typical nutrient retention in anaerobic pond sludge to be 20%, 60% and 10% of influent 
total nitrogen, phosphorus and potassium, respectively. 
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Sediment deposition, however, does not provide a permanent nutrient sink as they are 
subject to environmental conditions that can induce the release of mineralised nutrients 
back into the water column.  Organic nitrogen contained both in suspended material 
and in deposited sludge is ultimately mineralised to form ammonia.  This can potentially 
lead to accumulation of ammonia where oxygen demand exerted by organic matter 
(BOD5) precludes nitrification and ammonia volatilisation losses do not match 
contributions from ammonification (Reed et al., 1995; Silva et al., 1995; Senzia et al., 
2002).  Phosphorus release from sludge can arise from desorption of inorganic P under 
low redox conditions and high pH, dissolution of precipitated P under changing redox 
conditions, microbial release under anoxic, nitrate-free conditions (and with a supply of 
readily biodegradable material), and mineralisation of organic P (Gómez et al., 2000; 
Ortuño et al., 2000; Kadlec and Knight, 1996; Stensel and Barnard, 1992). 
Removal mechanisms and interferences associated with various contaminants in 
WSPs are summarised in Table 2.2.  Nitrogen and phosphorus cycling in WSPs is 
discussed in detail in Appendix A. 
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Table 2.2  Waste stabilisation pond treatment processes 














Sedimentation Particle size, residence time 




solids) Precipitation Redox conditions, pH, temperature 
Excessive algal 




Sedimentation Particle size, residence time Organic 
nitrogen Mineralisation 
(ammonification) 




Nitrification Bacterial activity (nitrifiers), oxygen 
availability (limited by exertion of 
BOD), temperature 
Volatilisation Concentration, pH, temperature 
Microbial assimilation Aeration status, temperature 
Ammonia 








Bacteria (denitrifiers), anoxic 
conditions, available carbon, 
temperature 
Microbial assimilation Aeration status, temperature 
Nitrate 
Algal assimilation Oxygen availability, light 
penetration, temperature 
Nitrification 
Sludge deposition (and 
desludging) 




Sequential transformations under 
conditions described above 
Total nitrogen 
Ammonia volatilisation As above 
Release from 
accumulated sludge 
Sedimentation Particle size, residence time Organic 




Precipitation Presence of Fe (III), Al, Ca and Mg, 
redox conditions, pH, temperature 
Microbial assimilation Oxygen status, temperature 






Adsorption Available sites (suspended and 
settled particles and exposed soil), 
saturation, pH, redox conditions 
Mineralisation of 
suspended and 
deposited organic P, 
microbial release, 
desorption, changing 













2.3.3 Pond Design 
Treatment ponds are designed according to site conditions, hydrological and 
environmental factors, and hydraulic and organic loading.  Climatic conditions 
determine whether a pond will perform satisfactorily.  Extended periods of cold 
temperatures or rainfall may make a pond ineffective.  The organic loading (kg BOD5/d) 
is the key determinant of the required residence time (to sufficiently break down the 
waste) and hence size of a pond.  Pond sizing assumes a certain level of biological 
activity that is related to the average temperature.  Typical physical design parameters 
are given in Table 2.3.  
Table 2.3  Typical design parameters for stabilisation ponds (Metcalf & Eddy, 1991; 
Reed et al., 1995).  Figures in parentheses are recommended pond design values for 
a 150-head Australian dairy farm (Wrigley, 1994; NSW Agriculture, 1999). 
Parameter Anaerobic pond Aerobic pond 
Surface area (m2) 2000-8000 (484) <40000 (625) 
Hydraulic retention time, HRT (d) 20-50 (>60) 10-40 (60) 
Depth (m) 2.5-5 (3-4) 0.3-1.5 (1-1.5) 
pH 6.5-7.2 6.5-10.5 
Temperature range (°C) 6-50 0-30 
Optimum temperature (°C) 30 20 
 
Ponds are susceptible to seepage, allowing wastewater to percolate through the 
bottom soil for a period before the soil seals and potentially polluting groundwater 
(Johnston, 1992).  White et al. (1977) found elevated bacteria counts and conductivity 
in groundwater adjacent to ponds up to three years after installation.  Ponds must 
therefore be located well above seasonal groundwater tables, and in soil of low 
permeability to avoid groundwater contamination; otherwise a clay liner may have to be 
used.  Sludge accumulation is also an important design consideration, particularly for 
primary (anaerobic) ponds, primarily because it reduces the volume of the pond.  It is 
generally recommended that primary ponds treating dairy shed wastes be desludged 
before deposits reach 40-50% of the water depth (NSW Agriculture, 1999).  
Pretreatment in the form of solids separation is often used to slow the rate of sludge 
accumulation and reduce the need for desludging (Hobson and Robertson, 1977; 
Wrigley, 1994). 
The choice of configuration depends on the intended use of the effluent.  In livestock 
waste management, anaerobic ponds are best used in isolation where the effluent is to 
be applied to land.  Effluent from anaerobic ponds has higher nutrient levels than that 
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from aerobic ponds, thus its application to land provides for better nutrient reuse.  This 
practice, however, may still be restricted by odour problems with the siting of the pond 
itself, or with the spreading of the effluent, as anaerobic conditions generate noxious 
gases such as hydrogen sulphide and methane (Wrigley, 1994).  Aerobic ponds 
produce higher quality effluent than anaerobic ponds and are commonly used to 
improve the quality of anaerobic pond effluent for reuse purposes such as recycling in 
wash-down systems, dust suppression and crop or woodlot irrigation. They may also 
be used to produce secondary standard effluent for subsequent polishing treatment in, 
say, constructed wetlands, or to lower nitrogen concentrations to reduce land 
application areas where nitrogen is the limiting design parameter (Reed et al., 1995).   
Anaerobic ponds should be deep (at least 3 metres) and are sized according to 
empirically determined volatile solids (VS) and biochemical oxygen demand (BOD5) 
volumetric loading rates (refer to Table 2.4) (Reed et al., 1995).  Proportionally small 
surface areas are used to minimise the water surface in contact with the atmosphere 
(oxygen) and convection heat losses, enhance internal mixing, reduce odour emissions 
and generally optimise the anaerobic state (Wrigley, 1994; Metcalf & Eddy, 1991).  
Loading rates depend on climatic conditions as higher temperatures increase microbial 
productivity.  Accordingly, removal of BOD5 improves with higher temperatures as well 
as depth and longer detention times.  Reed et al. (1995) suggest that a volumetric 
loading less than 300 g BOD5/m3-d, a hydraulic detention time of 5 d and depth of 2.5-5 
m should yield 50% or greater BOD5 removal where temperatures are higher than 
22°C.  In colder climates longer detention times (up to 50 d) and lower loading rates 
(40 g BOD5/m3-d) may be necessary.   
Aerobic and facultative ponds are usually sized according to surface loading rates of 
VS and BOD5 (see Table 2.4).  They are shallower than other configurations with large 
surface areas and shorter retention times.  This allows for effective oxygenation via 
surface aeration and light penetration that promotes algal growth, and prevents the 
formation of anaerobic conditions caused by sludge deposition.  Due to the reliance on 
algal growth, application of aerobic ponds is limited to warmer climates.  Reed et al. 
(1995) expect an oxidation pond receiving 40-120 kg/ha⋅d organic loading with a 






Table 2.4  Recommended stabilisation pond loading rates 
Source Waste 
type 
Anaerobic ponds Aerobic/facultative 
ponds  
  (g BOD5/m3-d) (kg BOD5/ha-d) 
Loehr (1984) Livestock 240-320 22-56 
Reed et al. (1995) General 300, 40 in cold climates 40-120 
Metcalf & Eddy (1991) General 28-70 65-130 
New Zealand guidelines (Hickey et al., 1989; 
Sukias et al., 2001) 
Dairy 
shed 20-24 84 




26, or 60-90 g 
VS/m3-d 20-50 
 
2.3.4 Application in Dairy Shed Waste Management 
The use of treatment ponds on NSW dairy farms is generally recommended to provide 
storage and control of dairy shed waste.  More specifically ponds are to be used (NSW 
Agriculture, 1999): 
1. where a designated effluent application site lies within 300 metres of a neighbouring dwelling 
and odour problems associated with distribution of untreated or anaerobic wastewater are 
likely to cause complaints; 
2. where effluent is to be recycled as wash-down water; or 
3. where conventional irrigation equipment is to be used for land application. 
Pond systems are most commonly used to produce a treated effluent that is suitable for 
strategic irrigation to land using conventional irrigation systems.  The nutrient content of 
the supernatant is to be conserved as much as possible for its fertiliser value, thus 
ponds are not necessarily optimised for treatment purposes (Wheeler, 1995).  
However, if the effluent is to be recycled into the wash down system or disposed of, 
then the treatment performance is prioritised.   
Pond systems on Australian dairy farms may use one, two or three separate ponds in 
series to treat and store waste.  Where a single pond is used it is most commonly 
designed as an anaerobic pond.  Two stage systems consisting of an anaerobic pond 
followed by an aerobic or facultative pond (see Figure 2.2) are more common in 
Australia and New Zealand.  A third maturation or polishing pond is sometimes added 
to remove algae and pathogens and provide additional storage (Wrigley, 1994).  Pond 
design, construction and maintenance for treating dairy shed waste is discussed in 





Figure 2.2  Typical two-stage anaerobic-aerobic treatment pond system (Wrigley, 1994) 
2.3.5 Pond Performance 
Anaerobic ponds can reduce BOD5 by around 70% under normal operating conditions 
and up to 85% under optimum conditions (Loehr, 1984; Metcalf & Eddy, 1991; NSW 
Agriculture, 1999; Sukias et al., 2001).  Suspended solids removal efficiency is similar, 
generally being around 70 to 80% (Reed et al., 1995).  Aerobic ponds can achieve up 
to 95% removal of BOD5.  During the growing season however, they may display 
higher suspended solids and BOD5 concentrations in effluent due to increased algal 
and microbial growth (Metcalf & Eddy, 1991).  In two-stage pond systems, the primary 
anaerobic stage reduces the majority of the solids and organic content of the waste 
(Sweeten and Wolfe, 1994; Silva et al., 1995).   
Nutrient removal in pond systems is not normally expected to be very high, although 
Reed et al. (1995) claim that under ideal conditions, up to 95% nitrogen removal can be 
achieved.  NSW Agriculture (1999) report average nitrogen losses of 60% and 45% 
from anaerobic and aerobic ponds, respectively.  Phosphorus removal tends to be 
unpredictable due to adsorption and release of phosphates from sludge, although up to 




2.3.5.1 Waste loading and performance 
Ponds tend to display reasonable hydraulic and pollutant load buffering capacity 
(Loehr, 1984; Breen, 1992).  However, the effect of loading rate on performance can be 
significant.  Stabilization ponds have a limited organic loading capacity above which the 
key treatment processes begin to fail, causing efficiency to decline.  In overloaded 
anaerobic ponds, anaerobic respiration simply cannot keep up with the influx of organic 
material and as a result a smaller proportion of the total load is removed.  Excessive 
organic loading of facultative and aerobic ponds increases oxygen demand above the 
reaeration capacity of the pond causing the water column to become increasingly 
anaerobic and hence the treatment less effective (Loehr, 1984).  A study of recently-
installed dairy waste pond systems in New Zealand by Sukias et al. (2001) revealed 
that revised guidelines that increased facultative pond sizes by 40-46% and reduced 
effective loading rates improved performance by 20-70%.  An earlier study by Hickey et 
al. (1989), however, found no relationship between effluent quality and pond loading or 
retention time in an earlier study of New Zealand dairy oxidation ponds. 
When loaded within their capacity, ponds exhibit a positive relationship between 
loading and removal rates.  Indeed mathematical models based on a mass balance of 
contaminants entering and leaving a pond assume a fundamental positive relationship 
between influent loading and outlet concentrations.  Soares and Bernardes (2001) 
investigated COD loading and removal rates in two facultative ponds in Brazil.  They 
found a significant correlation between loading rate and removal rate constants (see 
below) when a dispersion flow model was applied to the operating data.  Nutrient 
removal has also been shown to be dependent on loading rate.  Silva et al. (1995) 
found that mean ammonia and total Kjeldahl nitrogen (TKN) concentrations in effluent 
from facultative ponds treating municipal waste were directly related to TKN surface 
loading. 
2.3.5.2 Performance modelling 
Despite their simple design and construction, the modelling of pond performance has 
proven a difficult task, mainly due to the complexity of the regulating biogeochemical 
treatment processes.  Since ponds are primarily designed to reduce organic loadings, 
models of pond performance typically predict BOD5 reduction.  Hence first order decay 
rates are assumed to govern removal efficiencies.  The apparent consensus on the 
hydraulic mixing characteristics of ponds is that they lie somewhere between ideal 
plug- and complete-mix flow.  Ponds are therefore commonly modelled as dispersed 
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plug-flow reactors and pollutant reduction is expressed through the equation (Nacheme 
and Vasel, 1998) 
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Nameche and Vasel (1998) reviewed data from various tracer studies to determine 
relationships between the pond characteristics and Peclet numbers.  They found the 
length to width ratio to be the most important influencing factor on pond hydraulic flow 
patterns (assuming closed boundary conditions) and developed the equation 
ZLWLPe /055.0/31.0 += (2.2) 
(m). depth pond
and (m),  widthpond








Nacheme and Vasel (1998) also showed that simpler complete-mix and plug-flow 
model equations could be applied to ponds with minimal error according to the Peclet 
number (or length to width ratio) of the pond.  Ponds with a Peclet number less than 2 
(or a length to width ratio of less than 4 to 8) may be modelled as complete-mix 
reactors with less than 10% error.  Those with Peclet number greater than 4 may be 
modelled as plug-flow reactors.   
Torres et al. (1997a) examined the hydraulic characteristics of a deep (anaerobic) pond 
receiving domestic wastewater fed into the system at the water surface.  They found 
that the pond operated with a completely mixed active zone that varied in size with 
atmospheric temperature.  In cooler temperatures when internal temperature 
stratification was less marked, the active zone represented 70% of the total pond 
volume.  In summer the active zone was reduced to 22% of the pond due to the 
presence of stable thermoclines in the water column.  Accordingly they applied a 
complete-mix model (given by Equation 2.3 below) to determine first-order rate 











A similar experiment was conducted on the same deep pond, this time with a 
submerged inlet to compare the hydraulic characteristics (Torres et al., 1997b).  Again 
the pond contained an active zone analogous to a complete-mix reactor.  However, the 
active zone tended to be small in both summer and winter due to continuous 
temperature stratification. 
Silva et al. (1995) proposed model equations for ammonia removal by volatilisation 
based on influent concentration, flow, surface area and pH.  Similarly identifying 
volatilisation as the main removal pathway, Reed et al. (1995) give two independent 
models for total nitrogen removal based on influent concentration, pH and temperature.  
None of these models however, considered the full complement of nitrogen 
transformations that occur in stabilisation ponds.  Senzia et al. (2002) developed a 
more complete model based on the sequential kinetics of nitrogen removal including 
sedimentation and mineralisation of organic nitrogen, volatilisation and nitrification of 
ammonia, denitrification of nitrate and algal and microbial uptake of ammonia and 
nitrate.  The model was established according to a complete-mix flow regime.  
Mineralisation was assumed to follow first order kinetics and ammonia removal was 
modelled in a similar fashion to the Reed et al. (1995) equations.  Other components 
relied on more complex reaction rate kinetics.  The model was calibrated to facultative 
ponds but was considered to be applicable to primary (anaerobic) ponds. 
2.3.5.3 Effects of season and temperature 
Most of the biogeochemical processes that regulate effluent quality parameters in 
natural treatment systems are subject to seasonal fluctuation.  It is therefore expected 
that the performance of WSPs should vary with season (Breen, 1992; Kadlec and 
Reddy, 2001).  The most obvious variant in relation to season that may influence 
treatment parameters is temperature, which has both direct and indirect effects on 
treatment mechanisms in pond systems. However, there are also numerous other 
seasonal influences on system performance such as influent quantity and quality and 
rainfall and evaporation that can mask or be misinterpreted as temperature effects 
(Kadlec and Reddy, 2001). 
Temperature is considered to have a ‘profound effect’ on the treatment efficiency of 
treatment ponds, particularly aerobic ponds (Metcalf & Eddy, 1991; Breen, 1992).  This 
is primarily due to the temperature-dependence of microbial respiration that regulates 
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the stabilisation process.  Microbial activity slows with lower temperatures, causing 
microbially mediated treatment processes to be less effective.  This affects reduction of 
BOD, COD and volatile solids, mineralisation of organic nitrogen and phosphorus, and 
nitrification and denitrification (Kadlec and Reddy, 2001).  Torres et al. (1997) observed 
notable changes in BOD5 removal rates with season.  Using a complete-mix reactor 
model, they obtained rate constants of 0.21 and 0.42 for winter and summer, 
respectively, indicating improved performance in warmer temperatures. 
Mass transfers between solid, aqueous and gaseous phases of chemical constituents 
in wastewaters are also governed by temperature.  Solubility of most solids increases 
with temperature (Sawyer et al., 1994) hence dissolved salts and conductivity are likely 
to increase with temperature.  Solubility of gases generally declines with temperature.  
Ammonia removal by volatilisation is therefore expected to increase with temperature, 
but aerobic digestion is likely to drop due to lower dissolved oxygen levels (see below).  
Adsorption and exchange of ions such as metals, ammonium and phosphates is also 
temperature-dependent, however sedimentation is independent of temperature (Kadlec 
and Knight, 1996).   
The availability of dissolved oxygen (DO), which regulates processes such as microbial 
oxidation of carbonaceous and nitrogenous compounds, is strongly temperature 
dependent.  The solubility of oxygen is greatest in cold, wet seasons and lowest in dry, 
warm periods, which would suggest that BOD reduction and nitrification would be 
enhanced in winter (Reed et al., 1995; Kadlec and Knight, 1996).  Conversely, high 
loadings in warm weather can potentially lead to oxygen deficiency and even 
anaerobiosis, inhibiting facultative and aerobic ponds.  Temperature-related microbial 
stimulation by oxygen availability is thus contrary to direct temperature stimulation of 
microbial activity, confounding direct correlations between temperature and treatment 
efficiency.   
An additional seasonal factor that affects the performance of facultative and aerobic 
ponds is sunlight penetration.  Sukias et al. (2001) identified light attenuation in the 
water column as a notable retardant of algal biomass and photosynthesis in facultative/ 
aerobic ponds in two-stage dairy shed waste systems.  In such ponds receiving highly 
turbid or coloured influent, the dissolved oxygen contributions from algae may only 
occur in the upper surface layer of the pond, allowing anaerobic conditions to take hold 
at depth and reducing treatment efficiency (Loehr, 1984; Hobson and Robertson, 
1977).  Performance is therefore expected to improve in summer when there are longer 
days of more intense sunlight.  However, the increased BOD load associated with 
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greater algae production and entrainment in the effluent stream during the growing 
season may negate increases in treatment efficiency associated with sunlight- and 
temperature-induced rises in microbial activity. 
Due to the conflicting influences of temperature, seasonal change may not always 
engender a pattern of improved performance with warmer temperatures.  White et al. 
(1977) found no seasonal influence on TS, TVS and TSS removal in a pair of 
anaerobic ponds treating swine and beef slurries, while BOD5 concentrations actually 
increased in winter and were lower in summer.  Hickey et al. (1989) found that 
temperature did not have a significant influence on effluent characteristics or 
performance.  Effluent variability was instead attributed to stochastic factors and 
differences in influent concentrations.  Performance can fluctuate significantly due to 
dilution and concentration effects of rainfall and evaporation, respectively, which alter 
the detention time and may induce counter-seasonal patterns.  Evapotranspiration 
follows a similar pattern to temperature and tends to lower efficiency.  Rainfall varies 
more with geography but often coincides with lower temperatures and increased 
concentration reductions (Kadlec and Reddy, 2001).  In a two-stage system, these 
effects are heightened in the secondary pond (Hobson and Robertson, 1977).  
Pollutant loadings to pond systems can also vary with season and have a marked 
effect on treatment efficiency, particularly in the context of livestock operations where 
feed rotation has a considerable effect of waste constituents (Kadlec, 2000 and Kadlec 
and Reddy, 2001).   
2.3.5.4 Model correction for temperature 
The varied and complex removal mechanisms in ponds are embodied in the apparent 
removal rate constant, k.  Many of the processes lumped together in the rate constant 
are temperature dependent.  Adjustments for temperature variation in removal are 
accounted for using the Arrhenius temperature-dependence equation given by 
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2.3.5.5 Performance treating dairy shed waste 
Due to elevated pollutant loadings, stabilisation ponds treating dairy shed waste are 
expected to behave differently from those treating say domestic waste.   For example, 
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the high ammonia concentration and mild alkalinity typical of dairy shed wastewaters 
makes ammonia volatilisation a more significant nitrogen removal pathway.  Ponds 
treating dairy shed waste display poorer BOD5 removal than similarly designed 
(according to loading rate) sewage treatment lagoons.  Sukias et al. (2001) attributed 
this to the higher ratio of chemical oxygen demand (COD) to BOD5 in dairy shed waste 
- 12.1 as compared to 1.5 - 1.8, where > 5 indicates low degradability - which is related 
to the fact that cattle manure has already been partially anaerobically digested in the 
rumen of the cows’ digestive system (Hobson et al., 1981).   The consistent release of 
slowly degradable organic matter (COD) to the BOD5 pool is likely to reduce treatment 
efficiency, and can potentially cause pond systems designed to handle the BOD5 
loading of dairy shed waste to become overloaded (Sukias et al., 2001).  Nonetheless, 
two-stage systems are capable of achieving 95% removal of BOD5 and suspended 
solids, and up to 70% removal of total nitrogen and phosphorus (Longhurst et al., 
2000).  Effluent characteristics from various pond systems treating dairy shed wastes 
are summarised in Appendix B (Table B.1). 
Sweeten and Wolfe (1994) noted the change in degradability of dairy shed waste 
treated in pond systems, measuring significant reductions in both COD:TS and VS:TS 
ratios in dairy shed wastewater passing through primary (anaerobic) and secondary 
(facultative) ponds.  These declining ratios, along with low rates of sludge accumulation 
indicated good digestion efficiencies.  The two-stage systems in this study effected 
consistent removal efficiencies of around 70% for total solids (TS), 80% for volatile 
solids (VS), 87% for volatile suspended solids (VSS), 90% for chemical oxygen 
demand (COD), 55-73% for total Kjeldahl nitrogen and 55-90% for total phosphorus 
(TP).  It was also found that primary ponds in two-stage systems accounted for the 
greater portion of reductions in solids-related constituents and COD, while nutrient 
losses were similar from both stages. 
Windeyer (1994) measured BOD5 and SS reductions of more than 90% in the primary 
(anaerobic) stage of a two-stage pond system treating dairy shed waste in the Hunter 
region of NSW, Australia.  The high reductions in the first pond were somewhat 
counteracted by the algae generation in the aerobic pond.  Significant stratification was 
noted in both the ponds.  Temperature and dissolved oxygen decreased with depth in 
both ponds while EC increased with depth. Turbidity increased with depth in the 
anaerobic pond with settling solids, but decreased at depth in the aerobic pond, 
presumably due to algal growth being concentrated at the surface.  Interestingly only 
the top 10 cm of the water column in the aerobic pond was found to be oxygenated, 
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emphasising the misguided use in dairy shed waste management of the term ‘aerobic’ 
in place of ‘facultative’ in reference to secondary treatment ponds. 
2.4 TREATMENT USING CONSTRUCTED WETLANDS 
The use of constructed wetland (CW) systems is more recent development in dairy 
shed waste management and has emerged as an effective and increasingly popular 
addition to conventional wastewater treatment technology (Peterson, 1998).  CWs have 
been shown to effectively treat high levels of solids, organic material, nutrients, trace 
organics and pathogens.  This capability, along with low energy and maintenance 
requirements makes them an attractive option for the treatment of effluents from 
livestock operations such as dairy farming.   
Research and development of CW technology to treat wastewaters from livestock 
operations began in earnest in Europe and America in the early 1990s.  Widespread 
application of the technology in North America in the livestock waste context has 
occurred mostly in the last decade with the endorsement of authorities such as the 
National Resource Conservation Service (NRCS) and the United States Environmental 
Protection Agency (USEPA) (Knight et al., 2000 and Cronk, 1996).  In New Zealand, 
significant attention has been directed towards developing the potential for wetland 
treatment of agricultural wastewaters through the work of Tanner (1994), Tanner et al. 
(1995a, 1995b), Tanner and Sukias (1995) and Tanner et al. (1998).  This has led to 
the publication of guidelines for the design of CWs for treating dairy farm wastewaters 
in New Zealand (Tanner and Kloosterman, 1997).  In Australia however, the adoption 
of wetland technology for treating wastewaters from livestock operations has been less 
prevalent (Geary and Moore, 1999). 
2.4.1 Constructed Wetland Configurations 
There are two distinct forms of constructed (treatment) wetland: surface flow (SF) and 
sub-surface flow (SSF).  SF wetlands, also known as free water surface (FWS) 
wetlands, recreate natural wetlands, consisting of a shallow open water surface planted 
with various types of macrophytes (Cronk, 1996). They have the advantage of low 
clogging risk, but exhibit lower pollutant removal efficiencies on account of lower 
interaction between substrate and pollutants.  
SSF wetlands consist of a particulate medium (substrate) planted with emergent 
macrophyte species.  The wastewater passes through the substrate unexposed to the 
surface, travelling around the roots of the plants, which partly facilitate the treatment 
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processes.  They are also commonly referred to as reed bed systems.  SF 
configurations are the most widely used to treat livestock wastewaters in the US 
(Cronk, 1996).  SSF systems are more common in Europe and New Zealand. 
This part of the literature review (Section 2.4) is concerned primarily with the use of 
constructed surface flow wetlands to treat wastewaters from dairy and other livestock 
operations. 
2.4.2 Wetland Treatment Processes and Components 
CWs, once fully established, constitute a specialised ecosystem that continuously 
cycles water, oxygen, carbon and other nutrients in a dynamic equilibrium.  The various 
active components of wetlands combine to effectively transform and remove 
wastewater constituents through a complex array of biogeochemical processes.  The 
treatment processes are much the same as in facultative waste stabilisation ponds 
(see Table 2.2) but are enhanced by the presence of vegetation and the larger surface 
area to depth ratio and substrate contact area.  Internal nutrient cycles are fuelled by 
plant and microbial growth and decomposition, while plant and microbial production 
and respiration facilitate significant gaseous transfers to and from atmosphere (Kadlec 
and Knight, 1996).  These cycles regulate the removal efficiency of oxygen demanding 
organic material and nutrients from influent wastewaters.  
Treatment in CWs is facilitated by the water column, substrates, vegetation and 
microbial populations (see below).  The basic treatment mechanisms involved include 
sedimentation, filtration, chemical precipitation and adsorption, and microbial (attached 
growth) conversion (both anaerobic and aerobic).  Nutrient removal is also facilitated to 
a limited degree by plant uptake and containment in refractory organics from 
decomposing vegetation (Reed et al., 1995, Kadlec and Knight, 1996 and Peterson, 
1998).  Nutrient and solids removal is abetted by shallow water and long detention 
times, high microbe and plant productivity, presence of both anaerobic and aerobic 
sediments, and the accumulation of litter (Cronk and Shirmohammadi, 1994; Cronk, 
1996).  Nutrient cycling in constructed wetlands is discussed in detail in Appendix A. 
The aeration status of SF wetlands typically lies somewhere between the fully aerated 
water column of an aerobic pond and the stratified water column of a facultative pond 
with decreasing DO levels below a fully aerated surface.  DO is depleted to meet 
wetland oxygen requirements in four categories: sediment litter oxygen demand, 
respiration requirements, dissolved carbonaceous biochemical oxygen demand (BOD) 
and dissolved nitrogenous oxygen demand (NOD) (Kadlec and Knight, 1996).  Oxygen 
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consumption in the water followed by recovery from surface reaeration and root zone 
transfers creates an oxygen sag curve in the wetland.  
As is the case with WSPs, sedimentation is a key removal process in CWs, causing 
wetlands to be prone to sediment accumulation under high solids loadings.  In 
wetlands, accumulation tends to be most pronounced at the inlet of the system due to 
the rapidity of settling, leading to anaerobiosis and even system failure (Hammer, 1992; 
Reed et al., 1995).  The area beyond the inlet zone is important for removing solids 
produced by the system (Watson et al., 1989).   
Through processes of death, litter fall and attrition of wetland biota (bacteria, 
invertebrates and plant material), wetlands also contribute to the pool of suspended 
organic matter (Kadlec and Knight, 1996).  Seeds, pollen and algal productivity are 
other biological sources of organic material in wetlands.  Nutrient-rich wetlands are 
particularly susceptible to generation of organic material due to enhanced bacterial and 
algal growth. The generation of suspended material in wetlands causes irreducible 
background levels of suspended solids, BOD and nutrients (Kadlec and Knight, 1996).  
2.4.2.1 Wetland soils 
The soil (substrate) in wetlands - aside from providing physical support for plants - 
facilitates numerous treatment mechanisms, as the soil surface constitutes the main 
wastewater contact area (Hammer, 1992).  SF wetlands are typically built on low-
permeability clay soils, or imported clay liners that minimise seepage.  The 
impermeable base is typically overlain by a soil or gravel substrate that serves as a 
nutrient source for emergent plants (Kadlec and Knight, 1996 and Cronk, 1996).  
Contaminant removal by attached microbial growth occurs mostly on the surfaces of 
accumulated sediment and detritus on the soil base.  The clay content of the soil 
provides limited sorptive and ion-exchange capacities to assist in P and cation removal.  
2.4.2.2 Wetland plants 
Vegetation in wetlands plays a significant role in the removal of waste constituents.  
Primarily wetland plants or macrophytes promote sedimentation and deposition by 
obstructing the flow path (Hammer, 1992).  The litter and root mats of wetland plants 
also act to stabilise the soil and sediment (Reed et al., 1995).    The principal function 
of wetland plants, however, is to facilitate microbial decomposition of influent 
constituents by providing additional contact area for attached growth to form a reactive 
biofilm (Hammer, 1994; Kadlec and Knight, 1996).  In SF systems, emergent 
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vegetation provides shade that limits algal growth and reduces thermal effects of wind 
and convective heat losses when it dies back in colder months (Reed et al., 1995).  
Plants may be floating, submerged or emergent species.  Emergent species such as 
Typha spp. (cumbungi or cattail), Phragmites Australis (common reed), Juncus and 
Scirpus spp. (rushes), Cyperus spp. (sedge), Schoenoplectus spp. (bulrush), and 
Sagittaria spp. (arrowhead) are commonly used. 
Emergent plant species improve aeration of wetland substrates, which increases the 
amount of aerobic zones for attached growth at the soil surface.  Exposed leaves and 
stems transfer oxygen from the atmosphere to the substrate through the roots to create 
an aerated and biologically active 'root zone' or ‘rhizosphere’ (Hammer, 1992; Reed et 
al., 1995; Cronk, 1996).  However, the effectiveness of this aeration at providing 
aerated surfaces for attached growth in SF wetlands is debatable, especially in heavily 
loaded systems.  
While plants play a key role in nutrient cycling in wetlands – mainly uptake by growth, 
temporary storage and release by death and decomposition - they do not offer a 
significant nutrient removal pathway via direct uptake and subsequent plant harvesting 
(Hammer, 1994; Kadlec and Knight, 1996; Kadlec, 1995).  Wetlands are therefore 
generally designed as biological reactors and the potential nutrient removal from plant 
harvesting is neglected altogether.  
2.4.2.3 Microbial organisms 
Bacteria, fungi, algae and protozoa are all essential to the cycling of nutrients and 
energy within a wetland ecosystem that contributes to contaminant removal (Hammer, 
1992).  Bacteria in particular form the reactive biofilms on the submerged portion of the 
vegetation, on the litter and the substrate, effectively turning the wetland into a 
biological reactor.  Biological activity and resulting contaminant reduction depends on 
the availability of dissolved oxygen, carbon and nutrients, contact time and temperature 
(Reed et al., 1995).  Microbially mediated contaminant removal processes include the 
oxidation of organic material and associated conversion of organic forms of nitrogen 
and phosphorus to inorganic forms, nitrification and denitrification.  
2.4.3 Constructed Wetland Design 
The complexity of the biogeochemical processes in treatment wetlands makes their 
design somewhat more of an art form than an exact science.  The large number of 
CWs currently in operation is contributing to a burgeoning stock of data and knowledge 
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at a rapid rate.  However design procedures remain clouded in uncertainty, which is 
due, in part, to the enormous variability in design characteristics.   
The position, shape, configuration, layout and other physical aspects such as bottom 
liner requirements tend to be determined according to site conditions such as land 
availability, topography, hydrology and soil characteristics (Hammer, 1994).  The sizing 
of a wetland is guided by the desired pollutant removal objectives.  Typical physical 
design features are given in Table 2.5.   








Wetland area Total area of wetland m2 <0.1 ha Knight et al. (2001) 





Knight et al. (2001) 
Water depth Average water depth m Around 0.3 m Peterson (1998) 
Slope Longitudinal only % Average 0.7% Knight et al. (2001) 
Porosity Water volume/total volume of 
wetland 
m3/m3 Depends on 
vegetation 
density, 0.65-0.75 
Watson et al., 
(1989); Reed et al. 
(1995) 
Wetted or contact 
area 
Specific area available for 
attached microbial growth 
m2/m3 No data Reed et al. (1995) 
Hydraulic 
residence time (d) 
Porosity % wetland area % 
water depth/flow 
d >20-30 days Breen (1992) 
Hydraulic loading 
rate 
Flow/wetland area m3/m2-d 
or cm/d 
1.5-6.5 cm/d, 5 
cm/d average for 
dairy 
Peterson (1998), 
Knight et al. (2001) 
Flow Wastewater flow into wetland m3/d <10 m3/d Knight et al. (2001) 
 
The simplest approach to sizing a wetland is to apply recommended surface (or areal) 
loading rates.  For example, a known organic load of 300 kg/d is divided by a 
recommended surface loading rate of 100 kg BOD5/ha/d to obtain a wetland area of 3 
ha (Hammer, 1992).  The main limitation of the areal loading approach is that the unit 
loading per unit area is not uniform across the system as the influent is typically applied 
at the head of the unit (Metcalf and Eddy, 1991).  Areal loading calculations also fail to 
account for the hydraulic residence time, which varies with depth and influences 
performance (Reed et al., 1995).  Finally, the effects of temperature are not considered 
in the areal loading method.  There are numerous recommended areal loading rates in 
the literature that are summarised in Table 2.6.  Note that wetlands designed to the 
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NRCS specifications have not performed as predicted (Cronk and Shirmohammadi, 
1994; Schaafsma et al., 2000; Newman et al., 2000). 
Table 2.6  Recommended wetland areal loading rates. 
Parameter Maximum areal loading rate (g/m2-d) Predicted effluent quality (mg/L) Source 
BOD5 20 BOD 5-10, TSS 5-15, TN 5-10 Reed et al. (1995) 
 7.3 
BOD5 < 30, TSS < 30, 
NH3-N < 10 
NRCS in Cronk (1996) 
 6.65  Metcalf and Eddy (1991) 
BOD5 and 
TSS 10.0 < 30 Hammer (1992 and 1994) 
 7.0 <20 Hammer (1994) 
TKN 1.0 NH3-N <10 Hammer (1992) 
 3.0 NH3-N < 4 Hammer (1994) 
TP 0.1-0.15  Hammer (1992) 
DRP 0.02 <1 Hammer (1994) 
 
2.4.3.1 Pretreatment 
It is widely accepted that wetlands are most effectively used as polishing units rather 
than crude removal units; hence wastewaters must be subjected to significant 
pretreatment before being fed into a wetland (Wieder et al., 1989; Hammer, 1994; 
Cronk, 1996; Peterson, 1998).  Primarily this prevents solids accumulation that 
potentially leads to system failure (Hammer, 1994), but it also reduces the pollutant 
loading to the wetland.  Guidelines produced in the US for treatment wetlands state 
that settleable and floating solids should be removed from waste streams to be treated 
using wetlands (Cronk, 1996).  Hammer (1992; 1994) recommends pretreatment 
should achieve a 50% reduction of the BOD5 and TSS loading in the wastewater 
stream. 
Most treatment wetland systems in the US incorporate some form of pretreatment such 
as a settling basin or anaerobic lagoon, which typically reduce TSS and BOD5 by 50-
75% (Knight et al., 2000).  Breen (1992) suggests that anaerobic WSPs are the most 
compatible primary treatment device for CWs, particularly for their N removal capacity.  
However, ponds that generate high algae concentrations (aerobic and facultative) 
should be avoided as algae can interfere with wetland treatment processes and 
removal can be inconsistent (Metcalf and Eddy, 1991; Kadlec and Knight, 1996). 
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2.4.4 Application In Dairy Shed Waste Management 
Being a relatively new and somewhat unconventional form of waste treatment, the 
design, construction and operation of CWs for treating dairy shed waste is not well 
documented in Australia.  While CWs are commonly referred to as a treatment option 
in Australian dairy shed waste management guidelines and design manuals, minimum 
design standards have not been established.  In the USA, CWs for the treatment of 
wastewaters from dairy and other livestock operations show notable variation in design 
characteristics including wetted areas, flow rates, influent quality, plant communities, 
hydrologic regimes, effluent limitations and monitoring requirements (Knight et al., 
2000).   The design of CWs for livestock wastewaters must factor in considerations 
such as the high loads of organic material, organic nitrogen, ammonia and phosphorus 
that typify these waste streams.  Pretreatment is essential in avoiding system overload, 
as is ensuring there is sufficient available land area to accommodate anticipated 
pollutant loadings.   
2.4.5 Wetland Performance 
CW performance can be highly variable, which is mainly due to their susceptibility to 
site conditions and climatic influences, and the stochastic variability of the natural 
processes that regulate treatment.  Environmental factors can make comparisons 
between different wetland systems incongruous, and the enormous variability in 
constructed (SF) wetland design further adds to the difficulty associated with predicting 
performance from existing data.  Thus the literature is replete with performance 
assessments of unique individual systems, but there remains a lack of strong 
correlations between common design and environmental factors and wetland 
performance. 
2.4.5.1 Effects of loading rate 
Like treatment ponds, CWs display good buffering capacity against shock hydraulic 
and pollutant loads, although removal efficiency declines with higher hydraulic loading 
rates (Breen, 1992).  Relative removal efficiency generally improves with higher 
pollutant loadings such that minor reductions at very low concentrations require much 
larger wetland areas than are required to achieve large reductions at high 
concentrations (Watson et al., 1989; Hammer, 1992).  However, BOD5 loading must 
not exceed the aeration capacity of the wetland (Metcalf and Eddy, 1991).  The most 
common difficulties experienced by treatment wetlands are related to maintaining 
partially aerated soil conditions.  When overloaded by oxygen-demanding substances, 
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or when operated at excessive depth, highly reduced conditions develop in the 
sediments, resulting in plant stress and reduced BOD5 removal (Hammer, 1992).  
Nitrification is also inhibited and phosphorus is released from substrate and sediments 
(Wieder et al., 1989).   
Total nitrogen removal has been found to correlate with loading rates up to 30 kg/ha/d.  
At higher loading rates, nitrogen removal declines (Kadlec and Knight, 1996).  Heavy 
organic loadings can cause anoxic zones to move closer to the surface, which, along 
with the extra carbon source from biomass decay, stimulates denitrification.  However, 
biomass decay competes with nitrifying bacteria for oxygen to limit the intermediary 
mineralisation step (nitrification) and thereby inhibit overall removal (Bachand and 
Horne, 2000).  Phosphorus loading is also influential on removal efficiency, as the 
concentration in the water column must be greater than that of the sediment/soil 
interstitial water for phosphate to diffuse into rather than from the substrate (Reddy et 
al., 1998). 
Reviews of published data have shown that influent and effluent concentrations are 
strongly correlated (Kadlec and Knight, 1996; Knight et al., 2000).  The incorporation of 
hydraulic loading generally strengthens these correlations.  A summary of regression 
equations derived from performance data from various studies are given in Appendix B 
(Table B.2). 
2.4.5.2 Performance modelling 
CWs are typically modelled as attached growth biological reactors.  First-order 
contaminant decay is coupled with plug flow kinetics in a model that bases response on 
hydraulic loading rate (which is directly related to hydraulic residence time).  The flow 
regime of a typical wetland does not necessarily match that of an ideal plug flow 
reactor, but is typically an arbitrary flow-through pattern intermediate between complete 
mix and plug flow.  However, the application of plug flow kinetics ensures that rate 
constants derived from the equation are conservative (Knight et al., 2000).  The basic 
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The model represents a significant simplification of wetland function whereby in order 
to obtain an equation with minimal input variables, the numerous and complex wetland 
biogeochemical processes are lumped together into a single expression for removal 
rate (Kadlec and Reddy, 2001).  The combined effect of the various wetland processes 
is not uniform between various contaminants; therefore removal rate constants are 
contaminant-specific.  In addition, equation 2.5 is a volumetric formula where effluent 
concentration (C) is a function of hydraulic residence time (τ), whereas equation 2.6 
incorporates hydraulic loading rate (q) and is therefore area-based.  Consequently, 
removal rate constants for the two equations are also different (Kadlec, 2000).   
Kadlec and Knight (1996) proposed a revised equation incorporating an additional term 

















mg/L) or (g/m  ionconcentrat tcontaminan background   where 3* =C  
The background concentration parameter (C*) embodies contaminant return rates, 
which again means that values for C* are unique to individual contaminants (Kadlec, 
1995).   
The first order plug-flow model assumes that the wetland functions in a stationary state 
whereby all active wetland storages will have established a dynamic equilibrium 
beyond the initial start-up period.  The system is subject only to short term variation 
due to climatic and other vagaries, and not adaptation (permanent change) trends 
(Kadlec and Knight, 1996).  To allow for short-term variation, long-term time- or flow-
weighted concentrations are assumed.  One of the main limitations of the model is that 
it assumes constant flow through the wetland, which is highly unlikely given that 
wetlands are subject to rainfall, evapotranspiration and seepage.  To overcome this 
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shortfall, Reed et al. (1995) suggest using the average between inflow and outflow.  
Other important assumptions include (Kadlec and Knight, 1996): 
• Consistent time-averaged inflow 
• No chemical input from atmospheric deposition 
• Rectangular design 
• No variation in the cross-flow direction 
The basic first-order plug flow model applies to ‘BOD, TSS, P, metals, and individual 
chemicals that are not themselves decomposition products of other chemicals’ (Kadlec 
and Knight, 1996).  The model framework is the internal mass balance for water and 
the pollutant of interest.  The chemical pollutant of interest, when removed from the 
water is either stored in the active or inactive components of the wetland system, or 
physio- or biochemically converted.  Hence, chemicals that undergo chemical formation 
as well as conversion such as ammonium and nitrate nitrogen require multi-step 
modelling (Kadlec and Knight, 1996).  Alternatively, an apparent rate constant is 
applied to the overall removal and/or addition of the contaminant.  In cases where the 
total concentration of all contaminant species is considered (for example total nitrogen), 
a net removal rate constant applies. Model parameters for individual contaminants 
obtained from various studies are summarised in Appendix B (Table B.3). 
A modified version of the volumetric first-order model is proposed by Watson et al. 
(1989), Metcalf and Eddy (1991), Reed et al., (1995), and the USA National Resource 
Conservation Service (Cronk, 1996).  Referring specifically to BOD5 removal, the model 
accounts for more specific wetland characteristics such as void space and biofilm 
attachment area (created by vegetation growth), and is expressed 
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On account of the difficulty associated with estimating A and Av Reed et al. (1995) 
suggest using the basic form of the model (Equation 2.6), which assumes A, Av and n 
all to be equal to one and as a result produces a more conservative design. 
For predicting phosphorus removal, Kadlec (1997) proposed an ‘autobiotic’ model to 
bridge the gap between the vast complexity of modelling individual phosphorus 
transfers from all compartments and the oversimplification of regressions and the first-
order model.  Calibrated to a long-term study of a natural treatment wetland, the model 
describes sorption, biomass expansion and new soil accretion and accounts for the 
long-term saturation of the first two features.  Its application to livestock facility 
wastewaters may be limited, however, as it assumes that the settling of incoming 
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Kadlec (2000) explored the inherent limitations of the model related to the hydraulic 
behaviour of wetland systems.  It was shown that non-ideal (plug-) flow patterns 
caused by hydraulic inefficiencies such as short-circuiting around more dense stands of 
vegetation result in varying and inaccurate parameter (k and C*) determination from 
otherwise excellent data fits.  Parameter variation was also highlighted and was 
strongly correlated with hydraulic loading rate (both k and C*) and inlet concentration 
(C*).  The findings indicate that presumed model constants are in fact variable and that 
a model generated from one data set cannot be applied to other data sets.  Further, 
short-circuiting and partial treatment creates the appearance of ‘floating’ or apparent 
non-zero background concentrations even when there is no irreducible component of 
the pollutant or return flux. 
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2.4.5.3 Effects of season and temperature 
The effects of season and temperature on wetland performance are mostly the same 
as for stabilisation ponds discussed in Section 2.3.5.3.  The main difference is the 
added complexities associated with the influence of season and temperature on 
wetland vegetation that may improve or reduce treatment efficiency.  Seasonal 
changes in wetland water chemistry reflect temperature, photoperiod, hydroperiod, and 
growth status (Reed et al., 1995).  The growing season tends to mark greater depletion 
of nutrients, while over winter decomposition of organic matter is expected to slow.  Dry 
seasons can accentuate organic matter decomposition, and wet seasons reflect 
dilution.  However, as in the case of ponds noted earlier, the effects of opposing factors 
such as microbial activity and oxygen solubility on performance tend to obscure the 
overall influence of temperature on wetland systems (Kadlec and Reddy, 2001).  
Mass transfer of dissolved constituents from the water column to activated sites such 
as the soil surface and litter and stem areas and subsequent diffusion through the 
boundary layer and penetration of soil or biofilm are all primary wetland processes 
influenced by temperature (Kadlec and Reddy, 2001).  Other important temperature 
dependent wetland processes include ammonia (nitrogen) losses by volatilisation, 
internal production and cycling of particulates (but not sedimentation), ion adsorption 
and exchange, plant uptake and storage, and litter decomposition.  
Daily water temperature variation depends on the wetland configuration.  Surface flow 
wetland temperatures closely follow ambient temperature swings with a slight delay 
(Kadlec and Knight, 1996).  Configuration does not influence seasonal wetland 
temperature patterns, which closely follow ambient temperature patterns.  The first 
order plug-flow model for contaminant removal in wetlands can be adjusted using the 
modified Arrhenius temperature dependence equation as per the pond model 
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A number of studies have been conducted to investigate temperature effects on 
wetland removal rate constants and determine wetland-based temperature coefficients 
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(Kadlec and Knight, 1996, Knight et al., 2000 and Kadlec and Reddy, 2001).  Results 
from these studies are summarised in Appendix B (Table B.3).  Temperature and other 
seasonal effects on the removal of particular contaminants are discussed below. 
Solids 
Physical removal mechanisms associated with suspended solids are not affected by 
temperature.  However, overall treatment efficiency has been observed to be reduced 
in warmer temperatures due to increased microbial and algal productivity that 
generates sedimentary material (Kadlec and Knight, 1996).  The increase in the 
background TSS concentration caused by the enhanced generation processes may be 
accounted for using the equation given below. 
Organic matter 
The temperature influence on BOD removal in wetlands is not entirely clear.  While 
microbial BOD destruction processes are slowed in cooler temperatures, organic 
matter decomposition is also slowed, and there is more dissolved oxygen available for 
BOD destruction (Reed et al., 1995).  Net BOD removal is the difference between 
generation and consumption of BOD (Werker et al., 2002).  Hence the influence of 
temperature on BOD5 reduction is masked by stochastic variation and other seasonal 
influences to do with the growth, dieback and decomposition of macrophytes and algae 
(Kadlec and Knight, 1996).  Studies by Kadlec and Knight (1996) and Kadlec and 
Reddy (2001) show that while BOD concentrations follow an annual cycle, BOD 
removal seasonality does not translate to a correlation with temperature.  
Nitrogen 
Total nitrogen removal is expected to improve with temperature mainly because the 
major removal pathways of nitrification/denitrification and ammonia volatilisation are 
stimulated by warmer temperatures (Cronk, 1996, Werker et al., 2002).  Mineralisation 
of organic nitrogen occurs most readily in warmer temperatures at a pH of between 6.5 
and 8.5 (Kadlec and Knight, 1996).  However Kadlec and Reddy (2001) found that 
ammonification showed seasonality but was not necessarily tied to temperature.  
Nitrification rates are temperature dependent, becoming inhibited below 10°C and 
rapidly dropping to zero at 6°C (Werker et al., 2002).  Denitrification rates were shown 
to be heavily temperature dependent (θ = 1.15-1.18) by Bachand and Horne (2000).  
Due to contributions from the sequential mineralisation of organic nitrogen, ammonia 
and nitrate removal may not improve with temperature at high organic loading rates.  
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Nitrogen return by decomposition of detritus also increases with temperature, although 
it is unlikely to undermine removal increases.  Kadlec and Reddy (2001) found 
significant and positive temperature correlations for the removal of ammonium (1.04 < 
θ <1.11), nitrate (1.04 < θ <1.16) and total nitrogen (1.08 < θ < 1.09). 
Phosphorus 
Phosphorus removal has been shown to display clear seasonal patterns of being 
higher in summer and autumn and lower in winter and spring.  This may be due to 
positive temperature effects on processes of adsorption, plant uptake, microbial 
breakdown of organic phosphorus and release from P rich soil and particulates (Cronk, 
1996 and Kadlec and Reddy, 2001).  Also, dilution by rainfall can decrease P removal 
by lowering the concentration in the water column to less than the soil pore water 
concentrations causing phosphorus release (Reddy et al., 1998).  Temperature on its 
own however, has little correlation to net phosphorus removal, with no trends evident 
for the first-order rate constant, suggesting that phosphorus removal is governed 
primarily by sedimentation (Kadlec and Knight, 1996; Kadlec, 1995; Knight et al., 2000; 
Kadlec and Reddy, 2001).  
2.4.5.4 Performance of wetlands treating dairy shed waste 
Numerous studies have been undertaken to gauge the viability of using CWs to treat 
dairy shed wastewaters.  Key findings from a selection of these studies are discussed 
below.  Design characteristics and performance data from the same studies are 
summarised in Appendix B (Tables B.4 and B.5). 
A study conducted by Cronk and Shirmohammadi (1994) examined the effectiveness 
of a one-cell SF system in treating dairy shed wastewater that had been pre-treated 
using a solids separator.  While SS removal was relatively high (above 90%), there was 
no evidence of effective phosphorus reduction. Ammonia levels actually increased in 
the wetland due to lack of nitrification following ammonification of organic nitrogen. 
Lack of nitrification also meant that nitrate levels remained low from the inlet to the 
outlet. The overall ineffectiveness of the wetland was attributed to the high strength of 
the influent, low ambient temperatures, and vegetation die-off.   
Skarda et al. (1994) loaded six parallel wetlands with dairy shed effluent and achieved 
reasonable nutrient removals.  Reduction in ammonia was attributed to volatilisation 
and plant uptake on account of the low oxygen status of the water.  Despite wastewater 
pretreatment for coarse solids removal, Reaves et al. (1994) encountered problems 
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with solids accumulation at the head of a three-cell parallel system treating dairy 
effluent.  The system was plagued by operational problems (particularly stock intrusion) 
but still managed to achieve significant reductions of BOD5, solids and nutrients.  
Preliminary results from a CW system for treated and untreated dairy waste that 
comprised several 3-cell (in series) systems in parallel revealed particularly strong 
performance that may have been related to the light loading of the system (Holmes et 
al. 1994; Holmes et al., 1995).  
The performance of a dairy shed waste treatment system incorporating CWs was 
monitored in Maryland, USA by Schaafsma et al. (2000).  The system consisted of two 
separate settling basins receiving different influent wastewaters followed by two 
wetlands in parallel that drained to a vegetated filter strip.  Pollutant removal 
efficiencies through the system were very high (>90%), however most of the treatment 
occurred in the filter strip component of the system.  Exact figures for removal 
efficiencies of the wetland cells were not reported, but estimates from the graphical 
plots of the data are given in Appendix B (Table B.5). 
A system comprising three parallel wetland cells treating 2.65 m3/d waste from a dairy 
shed in Connecticut, USA was monitored by Newman et al. (2000).  BOD5 reduction 
averaged 76%, although this did not meet design expectations due to overloading.  
High SS removal was attributed in part to the high loading lack of pretreatment.  The 
system exhibited significant seasonal variation with lower percentage mass reduction in 
winter for TSS, BOD5, ammonia, nitrate and TKN.  However, seasonal differences in 
concentration reduction were only apparent for BOD5, faecal coliforms and TSS.  
Reduction in outflows due to evaporation was reasoned to influence seasonal mass 
retention.  Plant growth and senescence and temperature effects on biogeochemical 
processes were also considered to contribute seasonal variation in performance.  
Sedimentation was considered the main removal pathway for nitrogen as denitrification 
and plant uptake accounted for less than 1% and 3% respectively.  Interestingly, 
hydraulic residence time was found not to influence performance. 
Geary and Moore (1999) investigated the performance of a CW system treating dairy 
shed waste under Australian conditions in Maitland, NSW.  Two wetlands in series 
received effluent from a two-pond (anaerobic/aerobic) pond system at moderately high 
loading rates.  Ammonification rates were considered to be an important process in the 
oxygen-limited system.  Phosphorus removal was primarily achieved by sedimentation, 
but was variable and decreased with time. This was attributed to saturation of sorption 
45 
Literature review 
sites in the substrate, which also caused phosphorus release on occasion.  The system 
was deemed inadequate in achieving desired performance outcomes. 
Knight et al. (2000) conducted a review of CWs used to treat livestock wastewaters in 
North America for the development of the Livestock Wastewater Treatment Wetland 
Database (LWDB) database.  Of the 68 treatment wetland sites covered in the 
database, 38 were treating dairy shed wastes.  Regression analysis was performed on 
the data for the purpose of comparison with other treatment wetland application.  
Regression equations from this study and equivalent equations for general treatment 
wetland applications are given in Table B.3 in Appendix B.  The coefficients of 
determination (the measure of regression accuracy) were generally better for equations 
describing livestock operation treatment wetlands than for other wetland applications.  
Knight et al. (2000) also calculated rate constants for the first-order model for livestock 
wetlands in the database (which are included in Table B.3), noting that the high 
pollutant concentrations in dairy wastewaters create difficulties with calculation of 
background concentrations (C*). 
2.5 REUSE BY LAND APPLICATION 
Land application is the most common, and generally preferred end-point for treated and 
untreated dairy shed waste in Australia (and overseas) (NSW Agriculture, 1999).  
Properly managed, it can provide effective reuse of the water, organic and nutrient 
content of the wastewater to supplement irrigation and fertiliser requirements for 
pasture improvement.  Up to 20% of typical farm fertiliser needs can be met with 
effluent application, although since it is not a balanced fertiliser, additional fertiliser may 
still be required (Sukias et al., 2001).  However, when mismanaged, land application 
can result in accumulation of nutrients and salts in the soil and contribute to diffuse 
pollution of water bodies through the export of contaminants (particularly nutrients) in 
surface runoff and leachate. 
2.5.1 Land Application of Animal wastes for Soil Amendment 
The aim of beneficial reuse of animal waste through land application must be to 
favourably ‘alter soil properties such as plant nutrient availability, soil reaction, or 
properties related to enhanced soil organic matter status such as cation exchange 
capacity, soil tilth, and soil strength’ (Edwards & Someshwar, 2000).  Application 
should achieve optimum utilisation of the water, organic and nutrient content of the 
waste (NSW EPA, 1995).  The main benefits associated with long-term application 
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include soil organic matter accumulation, increased soil pH and cation exchange 
capacity (CEC), increased soil fertility, greater heterotrophic soil micro-organism 
activity and improvement of soil physical properties such as infiltration and water 
holding capacity (Wood and Hattey, 1995; Barker et al., 2000).  However, effective 
application of wastes requires a degree of prudence as excessive applications can also 
degrade soil properties.  Accumulated nutrients in excess of crop needs can reduce 
productivity and negate the fertiliser benefits through contributions to soluble salts and 
ammonium in the soil.  Other potential adverse impacts associated with land 
application include (Barker et al., 2000): 
• creation of soil conditions leading to plant nutrient deficiencies; 
• development of soil salinity; 
• development of soil alkalinity; 
• development of poor soil structure; 
• pore clogging in soil; and 
• development of soil anaerobiosis and alterations in oxidation-reduction 
potentials. 
The basis for determining waste application rates is usually land limiting constituent 
analysis.  Essentially, the size of the land application area required for treatment 
depends on the ability of the vegetative cover to utilise the added water and nutrients 
and the capacity of the soil to assimilate the solids and organic load and any excess of 
nutrients, and to leach salts.  The appropriate loading rate (that which prevents adverse 
impacts) is identified by the critical parameter that determines the minimum land area 
required (Reed et al., 1995).  The factors that influence the impact associated with land 
application include the soil type, moisture level and chemical properties, the nature, 
density and management of the vegetation cover, the site topography, geology, 
groundwater depth and proximity to surface waters and climatic conditions (Loehr, 
1984; Wrigley, 1994; NSW Agriculture, 1999).  Another important factor is the resting 
(return) period between applications that prevents soil saturation, minimises runoff and 
promotes reaeration of the soil (Loehr, 1984; NSW EPA, 1995).  
2.5.2 Waste-Soil Interaction 
Land application can remove organic matter, nitrogen, phosphorus, exchangeable ions, 
trace elements, inorganic and organic chemicals, and micro-organisms from 
wastewater by physical, chemical and biological processes in the soil.  Organic matter 
is filtered out close to the soil surface and then reduced by biological oxidation.  N is 
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removed by ammonia volatilisation, crop uptake and by denitrification under anaerobic 
conditions.  Phosphorus is conservative and may only be removed by plant uptake or 
leaching.  However, assimilation is facilitated by adsorption and precipitation with 
calcium, iron and aluminium.  Exchangeable cations are assimilated by plant uptake 
and adsorption to clay surfaces.  Trace elements are retained in the soil by adsorption, 
precipitation, and ion exchange. Micro-organisms are removed by entrapment, 
desiccation, sorption and predation by other organisms. 
Long-term assimilation of wastewater applied to land depends on the degradation, 
accumulation, and migration of waste components (Loehr, 1984; Wrigley, 1994).  
Degradation of waste constituents such as organic matter and transformation of 
nitrogenous compounds mostly depends upon microbially mediated biochemical 
processes and plant uptake.  Accumulation occurs when waste components are 
applied at a rate that exceeds decomposition and removal.  Migration is associated 
with soluble mobile waste constituents or by-products that are transported by water 
movement within the soil such as percolation to groundwater.  The basic waste-soil 
interactions are depicted in Figure 2.3.  Due to the inherent variability of wastes and the 
uncertainty associated with the rate of nutrient release, determining acceptable 
application rates that meet but do not exceed agronomic needs is a difficult task 
(Mikkelson and Gilliam, 1995).  The effects of wastewater application on soil properties 
are discussed in the following sections. 
 
Figure 2.3  Waste-soil interactions (Loehr, 1984). 
2.5.2.1 Physical properties 
Ideally soil should be of medium texture, be well structured and moderately permeable 
to accept waste applications (NSW EPA, 1995), as continual application of high-
48 
Literature review 
strength waste can lead to reductions in infiltration capacity due to water-logging, 
accumulation of undecomposed solids and progressive changes in soil structure (NSW 
Agriculture, 1999).  Application of organic wastes can result in pore clogging, either 
directly from solids in the waste, or by the coating of soil particles with microbial 
products.  Suspended solids in liquid by-products such as dairy effluent are partitioned 
at the soil surface, causing clogging of soil pores and reducing the hydraulic 
conductivity (NSW EPA, 1995).  Waste applied at rates greater than the saturated 
hydraulic conductivity will cause ponding and anaerobic conditions (Barker et al., 
2000).  Detrimental changes to the soil structure also occur due to accumulation of 
salts, particularly in subsoils (Jayawardane, 1995). 
The physical effects of waste application may also be positive.  Added organic matter 
improves the soil structure and drainage by increasing long-term aggregate stability 
and lowering bulk density.  Application of dairy waste to silt loam soil produced no 
evidence of soil plugging and actually improved infiltration and reduced sediment 
export in runoff (Roberts and Clanton, 1992). 
2.5.2.2 pH 
Soil acidity is a critical soil characteristic as it regulates essential macro- and 
micronutrient availability to plants.  Due to the typically alkaline nature of animal 
wastes, applications often result in an increase in soil pH levels (Wrigley, 1994), which 
may reduce the availability of nitrogen, calcium and magnesium above pH 8.5 
(Hazelton and Murphy, 1992).  Barkle et al. (2000) measured a consistent increase in 
pH of 0.5 in a neutral soil (pH 6 – 7) receiving dairy shed effluent.  Holford et al. (1997) 
encountered similar pH increases in dairy effluent-irrigated pastures.  The reverse 
process of acidification may also occur due to nitrification reactions (Zaman et al., 
1998), although this is usually buffered by the alkalinity of the wastewater (Redding et 
al., 2002). 
2.5.2.3 Dissolved salts 
Application of saline effluent containing high concentrations of exchangeable sodium 
can potentially cause elevated sodium concentrations on the soil exchange complex 
and soil sodicity.  Sodicity is most commonly defined according to a critical value of 
exchangeable sodium percentage (ESP), although it has been suggested that 
exchangeable sodium content is a better index of sodicity (Rengasamy and 
Churchman, 1999).   
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Sodicity causes or enhances swelling and dispersion of soil clay particles and therefore 
leads to the deterioration of the structural stability of some soils (Reed et al., 1995).  
This deterioration can cause waterlogging, crusting and hard-setting, which in turn 
result in decreased hydraulic conductivity and infiltration. This leads to a reduction in 
plant-available water capacity and restricts aeration and drainage (Rengasamy and 
Churchman 1999; Jayawardane, 1995). 
While sodicity enhances dispersive and swelling characteristics, soil solution salinity 
can suppress dispersion by providing calcium (Ca) and magnesium (Mg) to replace 
sodium (Na) from exchange sites, which compresses the electrical double layer on soil 
clays causing clay particles to flocculate rather than disperse  (Rengasamy and 
Churchman, 1999).  Rengasamy et al. (1984) defined a threshold relationship between 
soil ESP and total salt concentration of the percolating solution, which predicts the 
dispersive behaviour of a soil.  Typically, Australian soils show increasing 
exchangeable sodium with depth in profiles, coupled with increasing Electrical 
conductivity (EC) that suppresses dispersion potential (Rengasamy and Churchman 
1999).  However, some Australian soils are naturally dispersive, making them sensitive 
to the application of wastewaters with high sodium concentrations (Wrigley, 1994).  
The measure of the sodium hazard of wastewater for irrigation is the sodium absorption 
ratio (SAR), which expresses the sodium content in relation to the concentration of 
other cations.  An upper limit of 8-10 is typically prescribed for wastewaters to be 
applied to land (NSW EPA, 1995; Jayawardane, 1995; Loehr, 1984; ARMCANZ, 1999).  
Land application systems must maintain the proper balance between soil SAR and EC 
to avoid problems mentioned above.  Wastewater applications generally cause 
increases in EC and ESP levels (Wrigley, 1994), particularly at depth due to leaching of 
salts in percolating water (Wood and Hattey, 1995).  This effect may be buffered by 
calcareous soils or wastewaters with high Ca and Mg concentrations (Meek et al., 
1982).  Regardless, moderately saline effluents (EC 0.7-3.0 dS/m) such as dairy shed 
waste must be applied to salt-tolerant crops with an adequate leaching fraction that 
does not result in significant contamination of groundwater but ensures the root zone 
remains aerated and prevents salt accumulation (Jayawardane, 1995).  
2.5.2.4 Exchangeable Cations 
A positive impact of manure/waste application is an increase in CEC, which amounts to 
a general improvement in fertility (Loehr, 1984; Wood and Hattey, 1995).  Ca added in 
applied waste tends to accumulate in the upper 50 cm of the soil.  Mg and potassium 
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(K) can also increase in the upper profile, but can move further down the profile due to 
their mobility (Wood and Hattey, 1995).  Meek et al. (1982) found that 91% of applied K 
in manure was retained in the top 60 cm of the soil profile as exchangeable K, although 
subsequent leaching caused exchangeable K to decrease post-application.  
Conversely, applications of wastewater are known to reduce exchangeable aluminium 
concentrations by increasing the soil pH (Wrigley, 1994).   
2.5.2.5 Organic Matter 
The organic loading in wastewaters can significantly alter soil organic matter (SOM) 
and organic carbon (SOC), although it is not generally considered a limiting factor in 
land application systems (Reed et al., 1995).  The organic content of soil is dynamic in 
nature, fluctuating according to a continual cycle of inputs and decomposition by 
microbes.  Eventually equilibrium between input and decomposition is achieved, 
however this may take upwards of 40 years (Barkle et al., 2000).  Repeated application 
of organic wastes can enrich soil with humus in the long term.  In the short-term it 
stimulates microbial activity that leads to more rapid decomposition of organic matter 
(Barker et al., 2000).  Other benefits associated with increased organic matter in the 
soil include enhanced buffering of nutrients and improved soil aggregation and water 
holding capacity (Barkle et al., 2000).   
The build-up of organic carbon (C) in soils amended with waste is affected by 
differences in manure type, application rate and soil texture.  Organic matter 
mineralises faster on sand-textured soils on account of greater aeration and hence 
does not accumulate as readily as on clay soils (Wood and Hattey, 1995).  Coarse soils 
can therefore accept high organic loads, but are more susceptible to leaching and 
groundwater contamination.  Overloading of organic matter may occur at high 
application rates - particularly when high strength effluent or water-logged soil is 
involved – resulting in clogging of soil pores and the formation of anaerobic conditions 
and associated root zone oxygen depletion and nuisance odours (NSW EPA, 1995; 
Barker et al., 2000).  Organic loading rates generally govern the resting period between 
applications so as to allow sufficient reaeration of the soil (NSW EPA, 1995). 
Meek et al. (1982) found that organic content of a silty clay soil increased significantly 
under heavy manure loads at 0-30 cm depth.  No changes were evident below 30 cm 
and added organic matter decomposed rapidly (up to 51%) in the first year following 
application.  Improved infiltration rates were correlated with the increase in organic 
matter.  Barkle et al. (2000) found surface soil organic carbon levels increased in a silt 
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loam soil after two years of application of dairy shed effluent and remained significantly 
higher than untreated soil levels one year after application had ceased.  Soil organic 
carbon levels increased with application rate of liquid manure in a study by Gale et al. 
(2000).  A survey of the soils from eleven pig effluent application sites revealed only 
minor increases in soil organic carbon despite large, long-term applications on some 
sites (Redding et al., 2002). 
2.5.2.6 Nitrogen 
Nitrogen (N) is widely used as the guiding factor in determining land application rates.  
N application rates are based on providing sufficient N to meet crop requirements to 
produce yields equivalent to those from crops treated with inorganic fertiliser, without 
causing N contamination of groundwaters.  Nitrogen transformations in soil receiving 
wastes are essentially the same as in natural wastewater treatment systems and are 
described in Appendix A. 
Nitrogen additions and mineralisation 
The immediate effect of animal waste applications to land on soil N is to increase total 
N.  Gale et al. (2000) measured substantial increases in total N after four years of liquid 
manure applications to a silt loam soil that heightened with application rate.  Barkle et 
al. (2000) found that total N levels increased after two years of application of dairy shed 
waste in the top 20 cm of soil, but the difference between treated and untreated soils 
was significant only periodically and levels returned to pre-treatment concentrations 
after effluent application was terminated.  The decline in TN levels post-application was 
due to mineralisation and subsequent losses.   
Predicting N mineralisation rates is important in meeting agronomic needs while 
avoiding phytotoxicity or environmental pollution (Barker et al., 2000).  N release rates 
tend to be lower from animal wastes than from commercial fertilisers, making animal 
wastes a less efficient source of N for crops and pasture and more prone to over-
application (Edwards and Someshwar, 2000).  Mineralisation tends to be highest in the 
early years of a waste application scheme (up to 40% in the first year) and declines 
significantly with time (to as low as 3% after five years) (NSW EPA, 1995).  Meek et al. 
(1982) measured N mineralisation of 51% in the first year after heavy manure N 
applications (up to 2500 kg/ha-year) and 5% in subsequent years.  Zaman et al. (1998) 
monitored mineralisation rates in soil receiving sludge from anaerobic dairy waste 
stabilisation ponds.  Addition of the sludge caused an increase in both mineralisation 
and nitrification rates, characterised by high leachate nitrate levels from rapid 
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nitrification of mineralised N.  Accelerated mineralisation was attributed to stimulation of 
microbial growth and activity as a result of waste application.  Stenger et al. (2000) 
found that mineralisation of land-applied dairy shed effluent is also influenced by soil 
texture, with coarser, more porous soils exhibiting higher mineralisation rates than fine-
textured soils.   
Volatilisation losses 
One of the main difficulties associated with determining appropriate animal waste 
application rates is the unpredictability of the mineral N content of the waste due to 
potential gaseous ammonia-N losses by volatilisation.  Gaseous losses from manure 
begin to occur immediately after excretion; however they are dramatically increased 
when the waste is diluted with water (which is generally the case for dairy shed waste 
in Australia).  Volatilisation losses continue to occur during storage/treatment in ponds 
and both during and after application to land, further limiting the utility and feasibility of 
land application (Barker et al., 2000).  Losses just from surface application may amount 
to 50% of total N where the soil pH is high and cation exchange capacity is low 
(Edwards and Someshwar, 2000; Loehr, 1984; Reed et al., 1995).   
Nitrate leaching 
The predominant environmental concern with regard to nitrogen additions to soil is the 
potential for leaching of nitrate to groundwater.  Numerous studies have shown that 
nitrate leaching from land application of animal wastes contributes to elevated nitrate 
levels in subsoils to ultimately affect groundwater quality (Wood and Hattey, 1995).  
Davis et al. (1995) measured soil N levels in soil receiving liquid dairy manure at 200, 
400, 600 and 800 kg N/ha/yr.  Nitrate levels tended to increase with application rate in 
all 6 cm soil depth increments to 24 cm.  Ammonium levels also increased, but not 
significantly, most likely due to nitrification.  Di et al. (2000) suggested that nitrate 
contamination of groundwater resulting from land application of dairy shed waste to 
grazed pasture can occur at application rates of between 250 and 300 kg N/ha.   
Nitrate leaching may be mitigated by denitrification, which effectively removes nitrate, 
or by crop nitrogen uptake, which both consumes nitrate and limits its formation by the 
consumption of ammonium.  Losses from denitrification are typically between 15 and 
25% but are promoted by prolonged flooding and high biochemical oxygen demand 
(BOD5) wastewater (Loehr, 1984; Metcalf and Eddy, 1991).  Barton et al. (2000) found 
that application of dairy shed waste increased denitrification and associated nitrous 
oxide emissions by increasing soil mineral N and reducing soil aeration (due to 
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increased soil water).  Crop uptake peaks in the growing season and tapers off to 
almost zero in winter.   
Nitrogen losses and temperature 
Soil temperature and season play a significant role in determining the fate of N in soils.  
Primarily, temperature is one of the key governing factors of ammonia volatilisation, 
causing losses to be greatest under warmer conditions.  Temperature also indirectly 
regulates nitrate leaching through its effect on nitrate production and removal.  Nitrate 
from applied manures/wastewaters is typically a product of oxidation of ammonia rather 
than a primary constituent of applied waste.  Ammonification and nitrification are 
temperature dependent microbially mediated processes.  Similarly microbial nitrate 
removal by denitrification is influenced by temperature, as is nitrate consumption by 
crop uptake.  Accordingly, nitrate leaching losses fluctuate in accordance with season, 
being lower in spring and summer months when there is less rainfall and greater crop 
growth, and peaking in autumn when excess nitrate produced towards the end of 
summer is leached by percolating rainwater (Barker et al., 2000).  Daliparthy et al. 
(1994) measured elevated nitrate concentrations in leachate water related to 
applications of dairy manure.  Concentrations were highest in autumn when rainfall 
increased and plant uptake was low.  Depressed soil nitrate levels recorded in spring 
were attributed to uptake by the alfalfa crop and ammonia volatilisation losses.    
2.5.2.7 Phosphorus 
The fate of phosphorus (P) is of key importance in land application systems.  Unlike 
nitrogen that may be removed from the waste-soil system by gaseous loss 
mechanisms, P is a conservative element that is prone to accumulation and 
subsequent export to water bodies.  Thus assimilation of P in waste applied to land is 
dependent upon removal by plant uptake and the ability of the soil to bind and/or 
precipitate P.  P utilisation is optimised by plant uptake and removal, which on a dairy 
farm occurs through grazing and silage harvesting of improved pasture (NSW EPA, 
1995, NSW Agriculture, 1999).  A description of soil P processes is provided in 
Appendix A.  The effects of land application on soil P are discussed below. 
Waste application and P accumulation 
Waste application causes notable increases in P levels (Wrigley, 1994).  Due to the low 
ratio of N to P in most manures compared to typical crop requirements, application 
rates determined according to crop (or pasture) N requirements will generally result in 
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excess P application (Loehr, 1984; OECD, 1986; Sharpley et al., 1994; Mikkelson and 
Gilliam, 1995; Edwards and Someshwar, 2000).  The net result is a build-up of surplus 
P exhibited by elevated soil test phosphorus levels (Barker et al., 2000; Hooda et al., 
2001).   
Phosphorus accumulation has been shown to occur in soils that are subjected to heavy 
manure deposits from grazing animals.  Nair et al. (1995) and Nair et al. (1998) 
examined the phosphorus characteristics of soils that had been subject to various 
degrees of manuring from dairy farming.  Soils that had been heavily impacted 
(intensively stocked) exhibited significantly higher TP levels than less impacted soils 
(from grazed pasture, forage paddocks and unimpacted land) throughout the soil 
profile.  Robinson et al. (1995) measured phosphorus fractions in manure-treated soils 
for comparison with untreated soils at field sites that had been applying beef feedlot 
manure, poultry litter and swine slurry for extended periods (8 to 35 years).  It was 
found that the application of animal wastes significantly increased total phosphorus 
content of treated soils.  Both inorganic and organic fractions were affected, but the 
majority of the applied manure phosphorus accumulated as weakly bound, plant-
available inorganic phosphorus (IP) and IP associated with hydrous aluminium (Al) and 
iron (Fe) oxides and calcium (Ca) precipitates.  This caused a change in dominance of 
organic phosphorus (OP) in untreated soils to IP in treated soils. 
Gale et al. (2000) examined the forms and availability of P in soil treated with dairy 
manure for over 4 years.  High rates of manure application (210 and 280 kg P/ha) 
caused increases in surface (0-7.5 cm) soil TP compared with both untreated (and 
unfertilised) soil and fertilised soil.  Available and Fe- and Al-bound fractions also 
increased with high manure P loads.  P in the lower horizons of the profile was mostly 
(75%) in organic or other non-soluble forms, although the ratio of organic P to inorganic 
P decreased significantly with increasing manure applications as per Robinson et al. 
(1995).   
Significant increases in surface (0-20 cm) soil TP of up to 81% caused by fertiliser and 
manure applications were also encountered in a study by Hooda et al. (2001).  
Accumulation of P was directly related to P input to soils over ten different land uses 
and P application rates.  Extractable (Olsen and Melich-3) P also increased 
dramatically with P application and a significant correlation was found between the 
degree of soil P saturation and extractable P.  Holford et al. (1997) detected large 
increases in TP and Bray-1 available P in a similar study of NSW dairy soils that had 
been subject to varying degrees of effluent and fertiliser treatment.  Significant 
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increases in extractable and total P levels due to various types of manure and animal 
wastewater applications have also been reported by Meek et al. (1982), Sweeten et al. 
(1995), Dowell and Sharpley (2001), Whalen and Chang (2001) and Redding et al. 
(2002). 
With time, accumulated P may become less available by fixation. Meek et al. (1982) 
measured an average 9% reduction in available P levels per year after manure 
applications had ceased.  P levels, however, remained much higher than those of an 
untreated control site four years after manure application.  Conversely, Nair et al. 
(1995) found that the elevated labile P fraction in heavily impacted soils did not change 
to more stable forms after dairy operations had been abandoned, indicating that P 
release may potentially occur for many years after P inputs are discontinued. 
P sorption capacity and waste assimilation 
The ability of a soil to renovate applied wastewater depends on the sorption capacity of 
the soil, which is related to the number and availability of clay mineral adsorption sites.  
Additions of P in manure or fertiliser use up available sorption sites and reduce sorption 
capacity.  Extended application of P in either fertiliser or animal wastes can cause soil 
P sorption capacity to become saturated in the upper horizons, leading to accumulation 
in excess of crop requirements (Dili, 1999).  Organic matter in the waste can further 
reduce sorption capacity by decomposing and producing organic acids which form 
stable complexes with Fe and Al that block sorption sites (Mikkelson and Gilliam, 1995; 
Redding, 2001).  However, it may also increase sorption capacity by forming positively 
charged complexes with P-reactive cations (Holford et al., 1997).  The ability of soils to 
bind P also governs the fate of applied P and thus controls losses by leaching and 
surface runoff (Dili, 1999).  Low P sorption capacity combined with high P accessions 
enhances the potential for P losses.   
Dili (1999) reviewed P sorption data from various dairy farm soils in NSW, Australia.  It 
was found that dairy soils of low P sorption capacities were widespread with most 
displaying elevated available (Bray-1) P levels at the surface, indicating that high rates 
of P additions had caused depression of P sorption capacities.  Soils treated with dairy 
shed waste typically exhibited elevated available P levels in subsoil horizons 
suggestive of downward movement of P caused by saturation of surface soil sorption 
capacities.   
Nair et al. (1998) also found that heavily impacted soils on dairy farms had lower P 
sorption capacities.  A sizeable fraction of the accumulated P in soils from the upper 
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horizon of intensively stocked land was loosely bound, resulting in desorption even at 
high P concentration equilibrating solutions.  In a study of several soils on dairy farms 
that had applied effluent to land for extended periods, Holford et al. (1997) found 
topsoil (0-15 cm) irrigated with dairy effluent had lower sorption capacities than soils 
treated with fertiliser and other forms of manure.  The effect on sorption strength was 
larger and more consistent, and was attributed to interaction of organic anions in the 
effluent with sorption sites.  Hooda et al. (2001) also found that P sorption capacity of 
soils decreased with P inputs from manure and fertiliser, although some soils showed 
no reduction in sorption capacity despite large increases in soil-P content. 
P movement and leaching 
Saturation of P sorption capacity can lead to increased P movement down the profile 
and potentially to groundwater.  Meek et al. (1982) observed elevated available P 
levels under a heavily loaded coarse-textured surface soil at 30-60 cm depth 
suggesting increased P movement due to manure application.  Nair et al. (1995) 
measured higher TP levels and larger fractions of labile P in subsurface horizons of 
heavily impacted soils that were suggestive of vertical migration of labile P due to the 
high P inputs.  It was also noted that total P levels in heavily manured soils were 
dominated by calcium- and magnesium-associated P that was subject to sustained 
leaching, which they attributed to the high concentrations of Ca and magnesium (Mg) in 
cattle manure.   
High soluble P concentrations and greater capacity for P retention in the solid phase 
observed in the lower horizons of heavily impacted dairy soils by Nair et al. (1998) were 
considered to be indicative of P leaching.  A study of two long-term piggery effluent 
application sites produced strong evidence of P leaching resulting from waste 
application.  Compared with untreated control soil profiles, soil P levels were elevated 
down to 0.5 m (at which depth the underlying clay loam soil prevented further leaching) 
on one site and to the base of the profile at 1.2 m on the other.  Gale et al. (2000), 
however, found no signs of leaching under silt loam soil treated with liquid manure 
waste for four years.     
P leaching may be further enhanced by percolation from irrigation water.  Whalen and 
Chang (2001) monitored the P budget of irrigated and non-irrigated cultivated plots 
applied with feedlot manure.  P additions to non-irrigated soils were consistently 
accountable either as part of the P content of the top 150 cm of soil or in the P 
removed by crop harvesting.  Irrigated plots however, exhibited P losses of 7-15% from 
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the 150 cm soil layer, with the greatest recoveries of added P being from below the top 
15 cm of soil.  Elevated P levels were measured at depth despite the soil being a 
calcareous clay loam with an expected high P retention capacity.  This would indicate 
that application of animal wastes in the form of liquid effluent is more likely to result in P 
leaching. 
2.5.3 Land Application and Diffuse Pollution by Surface Runoff Contamination 
Improper management of the application of animal wastes to land is known to 
contribute to diffuse pollution of water bodies through the export of contaminants in 
surface runoff and drainage waters.  Misapplication of waste in terms of rate, timing 
and location over both short- and long-term periods can cause contamination of 
surface runoff by suspended solids, and nutrients (OECD, 1986; Mikkelson and Gilliam, 
1995; Edwards and Someshwar, 2000).  Groundwater contamination may occur as a 
result of leaching of mobile dissolved species from applications in excess of crop 
requirements.  This review deals exclusively with the processes associated with the 
export of pollutants in surface runoff. 
2.5.3.1 Runoff contamination 
There are two main mechanisms related to the contamination of surface runoff from 
land application sites.  The first is the direct wash off of waste solids and associated 
contaminants from the soil surface.  Contaminants may become entrained in surface 
runoff by suspension or erosion of particulate matter or by direct dissolution from the 
exposed waste (OECD, 1986).  Surface-applied animal waste solids are easily 
transported by runoff water on account of their low specific gravity (OECD, 1986; 
Dowell and Sharpley, 2001).  Transport is most likely to occur on steeply sloping land; 
less permeable gently sloping land that generates substantial runoff or land that 
receives substantial runoff from higher ground (OECD, 1986; Sherwood, n.d.; 
ARMCANZ, 1999).  The potential for contaminant export to watercourses is therefore 
greatest in winter when rainfall is high, the soil is saturated and plant uptake of 
nutrients ebbs.  Accordingly, application during or immediately prior to a rainfall event is 
particularly problematic as the waste is more vulnerable to transport without having the 
opportunity to equilibrate with the soil (Ritter, 2000; Barker et al., 2000; Sherwood, 
n.d.).  Runoff generation and subsequent contamination may also be enhanced by 
compaction caused by grazing and other disturbances (Robinson and Gilliam, 1995), 
and the plugging effects associated with excessive waste application (Roberts and 
Clanton, 1992).  This typically affects clay soils that are more prone to compaction and 
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clogging of surface pores (Barker et al., 2000).  Smith et al (2001) attributed increased 
nitrogen losses to the plugging effects of heavy slurry applications and associated 
reductions in permeability.   
Daniel et al. (1995) investigated the contamination of surface runoff from fescue grass 
plots treated with poultry and swine manure.  They found that concentrations of nutrient 
and organic matter in surface runoff from plots that had received manure treatment 
immediately (1 d) before the rainfall event were significantly higher than those in runoff 
from untreated (control) plots.  Manure constituent concentrations and mass losses in 
runoff increased approximately linearly with manure application rate.  Concentrations 
fell with increasing rainfall intensity due to increased runoff and associated dilution, but 
overall mass losses still increased with intensity.   
The timing of waste applications may also influence nutrient export.  A field study by 
Sherwood (n.d.) showed that nutrient concentrations were highest in runoff water from 
storms that occurred within 1-2 days after surface (broadcast) applications of swine 
and cattle manure (slurry).  With longer intervals between application and runoff 
events, concentrations declined, but P decreased more slowly than N.  Nutrient 
concentrations were directly related to application rates and it was concluded that 
runoff with elevated nutrient levels was most likely to occur when a storm event 
immediately followed application on wet soil.  Daniel et al. (1995) observed that 
allowing four days drying period before a rainfall event reduced runoff concentrations 
for N and organic matter but not P.  Periods longer than four days made little difference 
to runoff concentrations, which were significantly higher than control runoff 
concentrations for all parameters.  Smith et al. (2001) also observed greater runoff 
losses when rainfall occurred immediately after waste application. 
The second, more indirect contamination mechanism is related to the long-term 
accumulation of waste constituents in the topsoil and their entrainment, either by 
erosion or dissolution, in runoff.  The partition of elements and compounds from applied 
wastes between the solid and solution phases in the soil is influenced by soil chemical 
properties such as acidity, oxidation-reduction potential and sorptive capacity.  In the 
solution phase, an ion is subject to transport, plant uptake or leaching.  Any increase in 
total concentrations of an element or compound in the soil solution will increase its 
potential for transport either in solution or as eroded soil particles.  This form of 
contamination is most applicable to more stable waste constituents and is of particular 
concern with regard to P contamination. 
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Generally speaking, to avoid surface runoff contamination potentially resulting in diffuse 
pollution, waste should not be applied to land that is (Barker et al., 2000):  
• Immediately adjacent to streams and water courses 
• Subject to flooding 
• Waterlogged or saline 
• Sloping with inadequate ground cover 
• Rocky, slaking and highly erodible 
• Of highly impermeable soil type 
 
Greater pollution problems are typically associated with the direct wash-off mechanism 
of contaminant export.  Accordingly, contaminant losses tend to be greater from sites 
receiving surface applications of waste than from sites where the waste is incorporated 
into the soil (Mikkelson and Gilliam, 1995).  Couillard and Li (1993) investigated the 
runoff water quality from soil applied with manure and its role in causing algal growth in 
stream waters.  It was found that the nutrient load in runoff and resulting algal growth 
was dependent upon the method and rate of application.  Surface application (as 
opposed to incorporation) of swine manure resulted in elevated runoff nutrient 
concentrations and greater algae growth, the effects increasing with application rate.  
Incorporation resulted in little difference to runoff nutrient load and algal yield to runoff 
from soil free of manure, regardless of application rate.  The findings suggest that once 
manure is incorporated into the soil, soil nutrient levels determine runoff water quality. 
2.5.3.2 Nutrient Export in Surface Runoff 
One of the main environmental hazards associated with land application is the potential 
for nutrient losses (export) to surface waters resulting in accelerated eutrophication 
(OECD, 1986; Gburek et al., 1996).  Enhanced eutrophication leads to (potentially 
toxic) algal blooms and associated oxygen depletion, pH changes and deleterious 
effects on aquatic life (Sharpley et al., 1994).  It can incur significant economic 
ramifications through loss of amenity and related water usage restrictions (ANZECC, 
2000).  Although N contributes to the eutrophication problem, P is considered the key 
element in the process, as it is most often the limiting nutrient for freshwater bodies 
(Pote et al., 1996; He et al., 1995; Sharpley et al., 1994).   
The potential for nutrient export is greatest when waste applications exceed crop 
nutrient requirements (Robinson and Gilliam, 1995).  Attempts to avoid such overload 
are complicated by the variability of waste nutrient content and the unpredictable 
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nature of waste decomposition and nutrient release, which varies with soil and climatic 
conditions (OECD, 1986; Robinson and Gilliam, 1995).  
Nitrogen 
Organic N and NH3-N entrained in runoff are usually attached to sediment, whereas 
nitrate and nitrite are readily mobilised as dissolved species.  Ritter (2000) states that 
the majority of N lost from land treated with waste tends to be organically bound when 
rainfall occurs during or immediately after application.  If the waste remains in the field, 
organic N is mineralised to ammonia, and assuming the soil is at least partially aerated, 
the ammonium is rapidly nitrified, and most N subsequently lost in runoff will be the 
nitrate form.  Sherwood (n.d.), however, found that nitrogen in runoff from land 
receiving manure slurries was predominantly in the ammonium form.   
Daniel et al. (1995) correlated application rate and rainfall intensity with TKN and 
ammonia export in surface runoff from grass plots treated with swine and poultry 
manure slurries one day before a simulated rainfall event.  Runoff concentrations 
increased with application rate but declined with rainfall intensity, whereas mass losses 
were positively correlated with both application rate and intensity.  Nitrate 
concentrations, however, were not related to application rate or rainfall intensity.  
Sherwood (n.d.) also found a strong relationship between application rate and runoff 
nitrogen concentrations.  Misselbrook et al. (1995) found that nitrogen export increased 
when animal wastes were applied to land with the soil at field capacity.  Total export of 
N amounted to a relatively small percentage (4.3%) of applied total N in comparison to 
other loss mechanisms (volatilisation and nitrate leaching), but concentrations still 
exceeded water quality standards.  Smith et al. (2001) measured elevated nitrate and 
ammonia export contributing to total N concentrations of up to 13.9 mg/L from a fine 
loam soil applied with various forms of animal slurries and wastewaters. 
Phosphorus 
When waste application rates are determined according to crop N requirements, P is 
often applied in excess of agronomic levels.  This results in accumulation of available P 
in the topsoil (refer to Appendix A), increasing the potential for P export (Daniel et al., 
1994; Ritter, 2000).  P losses in surface runoff occur by erosion of solid particles (both 
manure and soil) and transport of soluble forms of P in runoff water (Mikkelson and 
Gilliam, 1995).  Soluble P is mobilised by desorption, dissolution and extraction from 
applied waste, crop residues, and the soil (Sharpley et al., 1994).  In a study of manure 
P release characteristics, Sharpley and Moyer (2000) found that soluble organic P is 
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released more rapidly than inorganic P despite the larger fraction of P in the manure 
being inorganic.   
Particulate P in surface runoff consists of entrained P-enriched soil colloids and mobile 
organic colloids from waste solids.  Both particulate forms can also disperse to release 
dissolved P (Barker et al., 2000).  Concentrations of particulate P in runoff have been 
shown to be directly related to sediment levels (Sharpley et al., 1994; Ng et al., 1993; 
Gburek et al., 1996).  This relationship is more applicable to soil erosion runoff 
contamination mechanisms, but particulate P losses associated with waste solids have 
been reported (Haygarth, 1997).   
When waste is surface-applied the potential for P losses is greatest in the first one to 
three storm events following application (Sharpley et al., 1994; Daniel et al., 1994).  
Runoff concentrations can be quite high in storms that occur immediately after 
application, comprising a large fraction of soluble P that is available for algal uptake.  
Rainfall characteristics also play a role in determining P losses.  Haygarth (1997) 
identifies a storm of five hours duration at 2 mm rainfall per hour as being a significant 
storm for P transfer.  Daniel et al., (1995) reported increased mass losses of total and 
dissolved reactive P with increasing manure application rates and rainfall intensity, 
while concentrations of P decreased with rainfall intensity due to dilution.  Rainfall 
duration alone however has been shown to have no correlation with P transport 
(McDowell and Sharpley, 2001). 
Withers and Jarvis (1998) state that the majority of P loss, however, is not directly 
related to P applications such as effluent irrigation, but is more dependent on diffuse 
loss mechanisms. Unless it remains on the surface of saturated soils, applied P 
generally becomes part of the nutrient cycle and accumulates in the soil before it is lost 
during a storm event.  Numerous studies have shown that soil P levels (soil test P, 
STP) are directly related to DP levels in surface runoff (Dougherty and Collins, 2000).  
Studying soils that had previously been subject to manure treatment, Pote et al. (1996) 
found a linear relationship between test values from various available P methods and 
dissolved reactive phosphorus (DRP) concentrations in runoff when soil samples were 
taken from the surface layer of soil (0-2 cm).  Similar correlations were measured again 
in a later study (Pote et al., 1999). 
The findings of Pote et al. (1996) verified that accumulation of P in the soil due to P 
inputs exceeding crop requirements is likely to result in elevated runoff P levels.  
Eghball and Gilley (1999) conducted an experiment to compare P losses from manure 
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applications that were based on N crop requirements and P crop requirements.  They 
found that under no-till conditions, P-based manure applications resulted in relatively 
low dissolved P concentrations in runoff whereas N-based applications produced 
concentrations above critical levels.  P losses from soil interaction (as opposed to 
wash-off of waste constituents) are governed to some extent by soil chemical 
properties.  Soils with high P sorption capacity (high Ca, Al or Fe status) and high 
organic matter status are less prone to P loss (Haygarth, 1997).  However, 
accumulation of P occurs most in the upper surface layer of the soil where P sorption 
capacity is most likely to become saturated due to waste applications.  P interaction 
with surface runoff mostly occurs within the top few centimetres of soil, which is also 
where it is most likely to be available for transfer to water by runoff (Haygarth, 1997).   
2.6 SUMMARY 
Waste management in dairy farming typically utilises passive, low-input natural 
systems for treatment and/or reuse purposes.  Conventional treatment facilities in 
Australia consist of a primary anaerobic waste stabilisation pond followed by a 
secondary facultative/aerobic pond.  Constructed wetlands are not commonly used to 
treat dairy (or agricultural) waste in Australia, however the application of the technology 
internationally is widespread.  Land application is the most common means of 
reuse/disposal of agricultural wastes both in Australia and elsewhere.  Whilst a 
significant amount of research has gone into refining the design of these systems, their 
performance remains subject to the variability of such influential factors as the raw 
wastewater source, climatic conditions, site conditions, soil characteristics, and other 
seasonal elements.  Successful application of natural systems requires a degree of 
predictability in performance.  Hence it is important to be able to understand and 
quantify the effects of these factors so they may be accommodated for in design.  
Understanding also enables an informed review of these technologies to determine 
their overall efficacy in achieving their designated task.   
It is widely held that conventional two-stage pond systems do not provide adequate 
treatment to allow off-site disposal.  Whilst such systems can provide up to secondary 
standard effluent in terms of suspended solids and BOD, their capacity for nutrient 
removal is relatively low.  Experimentation with constructed wetlands as both primary 
or secondary treatment stages and as polishing units to improve effluent quality has 
been extensive.  However, there is little consistency between design approaches and 
operational practices, as well as a notable dearth of wholly satisfactory performance 
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outcomes.  As such, the true value of constructed wetlands in the context of agricultural 
wastewater treatment remains to be seen.   
Performance of pond and wetland systems can be highly seasonal, which can reduce 
reliability considerably.  The various factors behind seasonal variation, particularly the 
effects of temperature variation, appear to be well understood; however demarcation 
and quantification of the effect of these factors on particular effluent parameters is 
limited. Modelling of natural treatment systems is therefore often predicated upon 
idealised conditions and considerable simplification of process kinetics.  While there 
appears to be general agreement on fundamental modelling approaches in terms of 
reactor configurations and reaction kinetics, there are limited examples of the 
application of such models to data from real systems to provide a basis for comparison 
and further refinement of such models.  The design of ponds and wetlands for practical 
applications such as dairy shed waste treatment, particularly in terms of nutrient 
removal, generally relies upon assumed ‘typical values’ as opposed to model 
equations. 
Land application of animal wastes such as dairy shed effluent is the most widely used 
alternative to off-site disposal, providing a convenient and effective means of waste 
management without the requirement of significant infrastructure investment.  When 
appropriately managed, waste applied to land can provide for beneficial reuse of water, 
organic matter and nutrients to act as a soil conditioner and fertiliser supplement.  
While the concept is simple, the processes involved in the soil assimilation of waste are 
numerous and complex, requiring a prudent attention to soil characteristics, site and 
climatic conditions and crop nutrient requirements to ensure against adverse impacts 
on the soil and surface and ground-water quality.  When land availability is a limiting 
factor this can be a problematic exercise, particularly in terms of nutrient control.  
Phosphorus is liable to be in over-supply in most circumstances, resulting in 
accumulation in the surface soil and eventually saturation, particularly in low-sorbing 
soils.  P-saturated topsoil can lead to export of P in surface runoff either through 
sediment or solute transport.  In coarse textured soils with low P sorption capacity, or 
highly P-saturated soil, P losses can occur via subsurface drainage.  Nitrogen losses 
via surface runoff or leaching are also likely to occur in heavily loaded land application 
systems.  Where there is sufficient land available for maintaining application rates at or 
below crop P needs, inappropriate location, technique or application timing can result in 
direct wash-off of waste constituents, including dissolved and organic forms of nutrients 
in surface runoff.  Ideally, storage facilities should allow for strategically guided 
application as opposed to disposal-oriented discharge of waste.   
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The literature is replete with papers related to the fate of nutrients in soils applied with 
various animal wastes.  However, only a handful of these studies were conducted in 
Australia, and even fewer deal specifically with dairy shed waste.  Most of the research 
related to animal waste application and surface runoff contamination reported in the 
literature has been conducted overseas.  The larger portion of this work has been 
conducted under simulated conditions, leaving a significant gap in research based on 
field monitoring of real land application systems.  Also, the techniques of land 
application reported in the literature tend to be based upon discrete concentrated waste 
application events rather than continuous broadcast applications. 
This thesis attempts to address some of the issues outlined above including: 
• the effectiveness of surface flow constructed wetlands in renovating secondary 
effluent from a two-stage dairy shed waste stabilisation pond system 
• the application of basic mathematical models to operating data from 
stabilisation ponds and constructed wetlands treating dairy shed wastewater 
• quantifying temperature effects on contaminant removal in stabilisation ponds 
and constructed wetlands treating dairy shed wastewater 
• gauging the accumulation of nutrients in soil receiving wastewater from a typical 
Australian dairy farm 
• monitoring of nutrient losses via surface runoff from a continuous broadcast 




EVALUATION OF A POND AND WETLAND TREATMENT 
SYSTEM 
This chapter describes the first field research component of the thesis: the evaluation 
of the performance and impacts of a trial waste treatment system incorporating effluent 
disposal installed under the Catchment Protection Scheme in the Southern Highlands.  
The opening sections of the chapter provide background information regarding the 
establishment of the system, an outline of general farm operations and a description of 
the waste management practice.  The evaluation consisted of a monitoring program 
involving field sampling and laboratory analysis of wastewater and creek water, 
development of a theoretical water balance and pollutant budget, and a mathematical 
modelling exercise.  The methodology associated with each aspect of the evaluation is 
described in Section 3.4 and the results are presented in Section 3.5.  The findings of 
the evaluation are then discussed in the final section of the chapter. 
3.1 BACKGROUND 
The first waste management system to be evaluated as part of this study was an 
experimental waste treatment system constructed on Farm 1 located on the upper 
reaches of the Nattai River several kilometres west of Mittagong, NSW (see Figure 
3.1).  The system was designed by the DLWC under the Catchment Protection 
Scheme as an experimental site to demonstrate the efficacy of using constructed 
wetlands to treat dairy shed waste.  At the time it was considered an ideal waste 
management solution from a milk production perspective as the operation and 
maintenance of the system required relatively little input from the farmer and the higher 
capital cost of the system was offset by the minimal ongoing costs.   
Prior to the installation of the system, wastewater from the dairy was freely disposed of 
by overland flow, allowing slurry to accumulate in a natural depression before 
eventually reaching the Nattai Creek that flows through the property.  In 1995 the 
ponded waste was removed and a treatment system constructed in its place (van 
Owen, 2000).  The system comprises a preliminary solids trap followed by a series of 
constructed ponds and wetlands designed to treat the wastewater from the dairy before 
it is discharged into the Nattai Creek.  A verbal agreement to permit effluent discharge 
to the creek was negotiated with the NSW EPA prior to construction (van Owen, 2000). 
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Figure 3.1  Locations of farm site and Sydney Water weather stations from which rainfall (pluviometer) 
and evaporation (evaporimeter) data were obtained. 
While the system was designed to reduce pollutant loading in the wastewater to levels 
that would not adversely affect the water quality of the receiving creek, it remains to be 
seen whether the actual performance of the system achieves this goal.  Hence the aim 
of this first part of the study was to evaluate the performance of the constructed pond 
and wetland treatment system in terms of pollutant reduction/removal and the impacts 
associated with disposal of the effluent from the system into the creek.  The objectives 
of the evaluation were to: 
• determine the treatment efficiency of the system in terms of contaminant 
(pollutant) concentration reduction and mass removal; 
• examine the effects of varying flowrate and temperature on the performance of 
the treatment system; and 
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• investigate the water quality impacts of off-site effluent disposal by comparing 
upstream and downstream pollutant concentrations. 
3.2 FARM OPERATIONS 
At the time of the study the average size of the milking herd was 125 cows, and milk 
production was year-round, totalling approximately 1.1 ML per year.  The herd was 
milked twice a day using a rotating platform set-up.  The time required for a normal 
morning milking session was between 1½ and 1¾ hours, while the afternoon session 
would require 1 to 1¼ hours.  The dairy, shown in Plate 3.1, consists of a holding yard 
and the milking shed covering an area of approximately 560 m2. 
 
Plate 3.1  Dairy holding yard (foreground) and milking shed. 
The herd grazes pasture year round and receives grain feed supplements over the 
autumn and winter.  116 ha of improved pasture are regularly fertilised with 
approximately 5 m3 of poultry manure per acre per year.  Between 10 and 15 ha of this 
pasture are harvested in the spring generating 600-800 tonnes of silage.  Another 10-
15 ha of pasture is irrigated over the summer. 
Water used on the farm is sourced from two separate bores, one located off-site at the 
farmer’s residence and a second located on-site.  Water used in the plate cooler and 
udder guns, and for washing the milking equipment and hosing down the milking 
parlour is extracted from the off-site bore.  Spent plate cooler water is directed into a 
13.8-m3 storage tank that supplies the water for washing the milking equipment and a 
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number of stock water troughs located nearby the dairy shed.  The elevated iron 
concentrations in the water extracted from the on-site bore preclude using the water in 
the milking system.  Thus it is used only to wash down the yards and irrigate the 
pasture. 
3.3 FARM WASTE MANAGEMENT 
After each morning milking session the entire dairy is cleaned, which involves hosing 
down the holding yards and milking parlour and washing the milking equipment.  A 40-
mm hose connected to the on-site bore is used to wash down the yards and a 25-mm 
hose connected to the off-site bore is used for the parlour area.  The milking equipment 
is cleaned using spent plate cooler water held in the storage tank.  The wastewater 
generated in the wash down of the yards and the parlour contains mostly manure and 
urine.  Contaminated wash water from the milking equipment contains diluted milk and 
chemical cleaning and hygiene additives. The chemical make-up and quantities of the 
additives are given in Table 3.1.  Following the afternoon milking session, only the 
milking equipment and the parlour are cleaned.  Storm water from the dairy is not 
diverted from the waste collection system and is thus allowed to enter the treatment 
system. 
Table 3.1  Chemical composition of cleaning agents used in the milking equipment wash-water 
on Farm 1. 
Chemical Active constituent Morning wash-down quantity 
Afternoon wash-down 
quantity 
Rua-Rinsa 100 g/L nonyl phenol ethoxylate 80 mL 80 mL 
No fome 968 g/kg alkaline salts 320 g - 
De-Stone 750 g/L H2PO4 - 320 mL 
Biodine 410 g/L orthophosphoric acid - 80 mL 
 
3.3.1 Waste Treatment System 
The intermittent waste stream from the dairy is subjected to preliminary treatment to 
remove coarse solids followed by primary to secondary treatment in a two-stage waste 
stabilisation pond system.  The effluent from the pond system is further treated in a 
constructed wetland system that discharges the treated effluent into the adjacent creek. 
The system was designed to accommodate anticipated increases in herd size up to 
130 head.  A schematic drawing of the system is given in Figure 3.2. 
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Figure 3.2  Schematic layout of the pond and wetland waste treatment system. 
3.3.1.1 Preliminary solids removal 
The preliminary stage of the treatment system consists of a single bay drive-through 
solids trap (pictured in Plate 3.2) designed to remove the coarse (settleable and 
floating) solids fraction of the wastewater.  The trap is essentially a small settling pond 
with a coarse metal screen that separates the settled solids from the outlet sump and 
allows complete drainage.  The design was based on typical configurations used in 
dairy shed waste management and sized according to approximated solids (manure) 
generation in the milking parlour.  The trap is emptied on average once every ten days 
using a front end loader and the collected sludge is stockpiled on open ground adjacent 
to the trap.  The sludge is left to dry for an unspecified period before it is spread onto 
land using the same trailing manure spreader that is used to distribute the poultry 
manure. 
71 
Evaluation Farm 1 
 
Plate 3.2  Drive-through solids trap. 
3.3.1.2 Waste stabilisation ponds 
Effluent from the solids trap is fed by gravity in 150-mm PVC pipe to a conventional 
two-stage pond system consisting of a primary anaerobic pond and a secondary 
aerobic/facultative (herein aerobic) pond.  The ponds were shaped to fit the geography 
of the land; hence their surface areas form irregular quadrilaterals.  Physical 
characteristics of the ponds (pictured in Plates 3.3 and 3.4, respectively) are given in 
Table 3.2.  The respective volumes of the anaerobic and aerobic ponds closely match 
recommended sizing requirements according to NSW Agriculture (1999) guidelines.  
For a 125-cow herd spending an average of 2.5 hours each day at the dairy, the 
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Table 3.2  Waste treatment system design characteristics 
 Anaerobic 
pond 
Aerobic pond Wetland cell 1 Wetland cell 2 
Surface area (m2) 390 995 800 1890 
Depth (m) 2.7 1.5 0.6 0.9 
Batters 2:1 3:1 2:1 2:1 
Submerged area (m2) 400 1020 816 1933 
Volume (m3) 535 1070 440 1210  
Accounting for volume taken up by baffles 
 
 
Plate 3.3  View of the anaerobic pond.  The aerobic pond can be seen in the 
background. 
 
Plate 3.4  View of the aerobic pond.  The anaerobic pond sits to the left of the 
aerobic pond. 
The inlet to the anaerobic pond is submerged, and the outlet is a 150-mm PVC pipe 
located at the water surface with an elbow joint attached to the opening to prevent 
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scum blockages.  The inlet and outlet of the aerobic pond are both submerged.  The 
edges of both ponds had become overgrown with kikuyu grass (Pennisetum 
Clandestinum), a dominant introduced pasture species common to the area.  The soil 
underlying the ponds is heavy clay, which at the time of construction was deemed to be 
satisfactory for sealing the ponds without the use of an imported liner.  To minimize the 
potential for seepage losses, the soil was track rolled to approximately 95% 
compaction (van Owen, 2001).  Immediately below the clay subsoil is a sandstone 
base (Snowden, 2002). 
3.3.1.3 Constructed wetlands 
The two-stage pond system drains to a wetland system consisting of two cells in series.  
The smaller first wetland cell (wetland cell 1) has a submerged inlet and had been 
planted with Phragmites Australis.  Other invasive plants - predominantly Kikuyu grass 
- had also colonised the first wetland cell.  The Kikuyu had grown in a floating mat 
covering much of the water surface, which together with the Phragmites, provided the 
cell with a dense vegetation stand.  Plate 3.5 gives an indication of the density of the 
wetland plant community. 
 
Plate 3.5  View from the head of wetland cell 1.  Vegetation covers almost the entire 
water surface. 
The second wetland cell is much larger than the first, with horizontal flow baffles 
incorporated into the design to increase the flow path length.  There are seven baffles, 
each 15 m long by 4.5 m wide and 0.7 m high.  The baffles sit 4.5 m apart and overlap 
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by 6 m.  The cell was intended to be planted with a range of wetland species including 
Phragmites Australis, Ccarex Appressa and Baumea Rubiginosa; however this was 
never accomplished.  As can be seen in Plate 3.6, the second cell remains an open 
water body with a patchy band of invading Kikuyu grass growing around the edges.  
Both cells were layered with 10 cm of topsoil to provide a substrate for plants and the 
in-situ clay subsoil was track rolled to approximately 95% compaction to act as the 
bottom liner (van Owen, 2002).  The second wetland cell discharges its effluent via a 
submerged outlet in a ponded area of the adjacent creek that has become overgrown 
with Phragmites. The physical characteristics of the wetland cells are given in Table 
3.2.  The combined surface area of the wetland cells is larger than most systems 
surveyed by Knight et al. (2000) in the US, which would suggest that the system should 
achieve high pollutant removal efficiencies.  The length-to-width ratio of the first cell is 
unusually low (2:1), but the second wetland is closer to typical designs at 4.3:1.  The 
free water depths of both cells are unusually high, which could hinder performance by 
allowing stratification of the water column and the formation of anaerobic conditions at 
depth (Reed et al., 1995). 
 
Plate 3.6  View from the head of the second wetland cell. 
3.3.1.4 Previous monitoring of the treatment system 
In 1996 a monitoring program was initiated to assess the performance of the system.  
Effluent from the ponds and wetlands and creek water upstream and downstream of 
the effluent discharge point was sampled periodically between January and October for 
analysis of wastewater and water quality parameters.  A second monitoring program 
was undertaken between June and August of 1999 that involved periodic sampling of 
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the supernatant near the outlet of the ponds and wetlands and sampling of the creek.  
The raw data from the two programs are given in Appendix C.  The results of the 1999 
study are also reported in Fyfe (1999). 
3.4 METHODOLOGY 
The evaluation of the waste treatment system consisted of several components 
including: 
1. monitoring of wastewater parameters to gauge changes in contaminant 
concentrations though the system; 
2. a theoretical water balance of the treatment system; 
3. a treatment system pollutant budget; 
4. performance modelling of the system with temperature adjustment; and 
5. monitoring of the receiving creek to measure changes in water quality 
downstream of the effluent disposal site. 
The treatment system was considered as two treatment stages (with coarse solids 
removal pretreatment), the first stage being the anaerobic-aerobic pond system and the 
second stage comprising the two wetland cells.  Wastewater monitoring data were 
used to calculate the average treatment efficiencies of the two stages for the various 
wastewater parameters.  A theoretical water balance was applied to the system to 
facilitate calculations of pollutant loading, discharge and removal rates as part of the 
pollutant budget.  The results of the pollutant budget were analysed to examine the 
effects of loading rate on the performance of each treatment stage.  First order removal 
equations were then derived for the two stages of treatment and removal rate 
constants and temperature coefficients were determined by fitting the data from the 
pollutant budget.  Finally, the results obtained from the creek water quality monitoring 
component were used to assess the water quality impacts related to off-site effluent 
disposal to the creek. 
3.4.1 Wastewater Monitoring and Treatment Efficiency 
To determine concentration reductions achieved through the system, grab samples of 
the influent and effluent from the two main treatment stages were collected for analysis 
of standard wastewater parameters.  The influent to the ponds stage was collected 
from the filtrate stream passing through the screen at the solids trap outlet sump 
immediately following the wash down of the dairy.  Samples of effluent from the 
anaerobic-aerobic pond stage of the system were collected at the outlet of the aerobic 
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pond.  Effluent samples from the wetland system were collected at the outlet of the 
second cell.  Sample batches were collected randomly at various times of the year to 
provide a range of seasonal samples.  Upon collection, samples were placed on ice in 
an insulated container for transport to the University of Wollongong Environmental 
Engineering laboratories.  A portion of each sample (1 L) was preserved with 
concentrated sulfuric acid (1 mL acid/L sample) to allow for delays in analysis.  
Analysis of most parameters was conducted at the laboratory except for pH and 
temperature, which were measured on-site using a HI 9025 microcomputer pH meter 
(Hanna instruments).  Analysis for conductivity (EC), 5-day biochemical oxygen 
demand (BOD5), total solids (TS), total suspended solids (TSS), dissolved reactive 
phosphorus (DRP), total phosphorus (TP), total kjeldhal nitrogen (TKN), ammonia 
(NH3-N) and nitrate (NO3-N) were conducted using methods adapted from APHA 
(1998).  Determination of NH3-N and TKN was performed using a Metrohm ammonia-
selective electrode.  A Gerhardt digestion block and a Gerhardt Vapodest unit were 
used to digest and distil samples for TKN analysis, respectively.  A Dionex DX-100 ion 
chromatogram fitted with an AS9-HC column was used to measure NO3-N.  Chemical 
oxygen demand (COD) was analysed according to Hach (1994) using a Hach COD 
digester and DR/2000 Spectrophotometer.  Total dissolved solids concentration was 
calculated as the difference between total solids and total suspended solids.  Similarly, 
organic N was the difference between TKN and ammonia concentrations.  Analysis of 
unpreserved samples was completed within 48 hours of sample collection.  Analysis for 
COD, TP, TKN and NH3-N was usually completed within seven days. 
3.4.2 Comparison with data from previous wastewater monitoring 
To provide a historical perspective of the performance of the treatment system, the 
results of the wastewater monitoring were compared with data from the 1996 and 1999 
monitoring programs.  Mean contaminant concentrations from the two studies are 
presented in Table 3.3.  No documentation was available regarding the methodology 
used in 1996, but it is assumed that samples were collected in a grab fashion, and 
analysis techniques followed standard procedures.  Samples analysed for the 1999 
study were collected from the water column (supernatant) near the outlet of the ponds 
and wetlands (as opposed to being collected from the actual effluent stream).  
However, assuming the ponds behave as at least semi-ideal complete-mix reactors, 
supernatant is likely to be very similar to effluent in character.  Thus the 1999 data are 
considered to be a reasonable reflection of pond performance at the time. 
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Table 3.3  Mean wastewater contaminant concentrations and percentage reductions from previous 
monitoring programs.  Standard deviation is given in parentheses.  1996 figures were calculated from 
four samples except where indicated.  1999 figures were calculated from three samples.   
Parameter 1996 (effluent) 1999 (supernatant) 
 
Ponds Wetlands Wetlands 
efficiency 
(%) 
Ponds Wetlands Wetlands 
efficiency 
(%) 
Temperature (ºC)  15.1 (8.7-18.7) 16.4 (9.4-20.2)     
pH 7.6c (0.0) 7.8c (0.5)  7.72b (0.29) 7.64b (0.09)  
EC (dS/m) 1781 (134) 1191 (191) 33    
TSS (mg/L) 273 (28) 129 (26) 53 161 (51) 68 (3) 22 
COD      757 (30) 393 (11) 48 
BOD5 (mg/L) 189 (141) 51 (27) 73 123 (16) 96 (0) 58 
TKN (mg N/L) 136a  45b (7) 67    
NH3-N (mg N/L) 81 (18) 13 (9) 84    
NO3-N (mg N/L) 0.0 (0.0) 1.0 (0.4)  0.0b (0.0) 1.1b (1.3) - 
TP (mg P/L) 19.0 (1.9) 7.0 (4.0) 63 35.4b (6.1) 29.9b (5.5) 16 
 Range given in parentheses 
a One sample only 
b Calculated from two samples 
c Calculated from three samples 
3.4.3 Water Balance 
To facilitate the derivation of pollutant budgets (import/export rates), the hydraulic 
regime of the system was calculated by performing a theoretical water balance.  The 
equation for the water balance was adapted from Gilman (1994) and Kadlec and Knight 
(1996) and is expressed 
SOFSRAIO QQEAQPAQQQ −−−+++= (3.1) 
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The water balance was applied sequentially to each discrete water body in the system, 
namely the anaerobic pond, the aerobic pond, and the two individual wetland cells.  In 
the absence of field flow measurements, the various components of the water balance 
were estimated using the methods described below. 
3.4.3.1 Wastewater inflows 
The wastewater inflow to the first (anaerobic) pond was determined by measuring the 
water used in the wash down of the dairy shed.  Each of the various wash down 
processes was timed every day over a period of ten days to obtain daily averages.  The 
farm owner/operator verified that the averages calculated were representative of typical 
wash down times.  These averages were then multiplied by the flowrates of the 
different hoses used in the wash down.  The flowrate from each hose was gauged by 
measuring the time required to fill a 1000-L translucent container with volume 
gradations marked on the exterior of the vessel.  It was assumed that there were no 
losses incurred during collection, conveyance or preliminary treatment of the waste 
stream; that is, all the water used in the wash down was transferred into the treatment 
system.  The inflows to the treatment units downstream of the anaerobic pond were 
equivalent to the wastewater outflow (QO) from the preceding unit. 
3.4.3.2 Additional inflows 
Wastewater inflow to the system was augmented by uncontaminated water from a 
water storage tank that receives spent plate cooler water during the milking process.  
The water enters the system at the anaerobic pond via the solids trap, but did not mix 
with the influent wastewater to the pond.  The volume of water that overflowed from the 
tank was dependent on the water level in the tank prior to the plate coolers being 
turned on.  This water level was influenced by the water consumption of the herd and 
evaporation, but was believed to be fairly consistent over the course of the year 
(Snowden, 2002).  The level was measured over the same ten days when the wash-
down was being timed to determine a daily average.  The overflow was calculated as 
being the difference between the water used by the plate coolers and the volume of 
storage available in the tank gauged by the water level prior to the commencement of 
milking.  This value was checked by timing the period during which the overflow 
occurred and multiplying the value by the plate cooler flowrate.  
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3.4.3.3 Rainfall and Runoff 
Daily precipitation (rainfall) data were obtained from a weather station located 2 km 
northeast of the farm in Leicester Park (refer to Figure 3.1).  The data were collated 
and converted to a daily average for the sampling period (March 2000 to July 2001), 
which was multiplied by the surface area of each treatment unit to ascertain the volume 
entering each treatment unit.  Surface runoff from adjacent land was prevented from 
entering the system by raised embankments that surrounded most of the perimeters of 
the ponds and wetlands.  Hence surface runoff into the system was assumed to be 
zero except for storm water flows from the dairy shed, which entered the system via the 
wastewater collection drains.  Daily runoff contributions to the anaerobic pond from the 
dairy were thus calculated by multiplying the daily mean precipitation by the total area 
of the shed and yard (which was assumed to be 100% impervious). 
3.4.3.4 Evaporation and evapotranspiration 
Atmospheric losses from the system due to evaporation and evapotranspiration were 
calculated by applying pan coefficients to U.S. Class-A pan evaporation data obtained 
from a facility operated by Sydney Water at Wingecarribee Dam located approximately 
16 km SE of the site (refer to Figure 3.1).  Losses from the two ponds and the second 
wetland (which had no significant vegetation growth) were considered to be governed 
by open water evaporation.  Evapotranspiration was deemed to regulate losses from 
the heavily vegetated first wetland cell. 
Open water evaporation from the ponds and the second wetland cell was estimated 
using the formula 
PANkE po = (3.2) 
m/d A),-(class nevaporatio pan
nevaporatio  wateropen for tcoefficien pan










There are wide discrepancies in the literature regarding pan coefficients for calculation 
of open water evaporation.  Linacre (1994) proposes a value of 0.77 based on an 
extensive literature survey.  Grayson et al. (1996) quote a value of 0.92 for Cataract 
Reservoir, a dam relatively close to the Southern Highlands region.  Also quoted was 
an Australia-wide average value of 0.7±0.1.  Hounam (1973) states that annual 
coefficients depend on climate and water body depth and range from 0.60 to 0.80 with 
an average value of 0.70. 
80 
Evaluation Farm 1 
For the purposes of this study, a median annual value of 0.8 was adopted.  This value 
is high compared to the range quoted by Hounam (1973); however it is well below the 
value obtained for the Cataract Reservoir and close to Linacre’s (1994) value.  The use 
of a lower pan coefficient was expected to produce conservative (low) estimates of 
pollutant removal rates and treatment efficiency.  It is also noted that ‘simple lake to 
pan coefficients can only provide estimates of lake evaporation with reasonable 
accuracy on an annual basis’ (Hounam, 1973).  The study period over which the 
evaporation data were averaged is longer than a year hence the application of a pan 
coefficient is considered legitimate. 
Evapotranspiration is the combined effect of evaporation and transpiration on water 
loss from vegetated systems.  Vegetation in wetlands is believed to reduce evaporation 
below open water values by sheltering the water from sun and wind, reducing the 
exposed surface area and calming wave action, but it is uncertain whether transpiration 
from wetland plants falls below or exceeds this difference (Linacre, 1976; Kadlec, 1989; 
Gilman, 1994).  Linacre et al. (1970) measured evaporation in a swamp in Australia 
populated by Typha spp. to be about 70% of evaporation in a lake; however this value 
varied greatly with season indicating the strong influence of plant growth and 
transpiration.  Kadlec (1989) estimated that about half of the net incidental radiation to 
a wetland is converted to water loss on an annual basis. 
Evapotranspiration is difficult to measure in the field and is usually estimated using one 
of a number of theoretical equations.  Actual evapotranspiration (ETa) from a given crop 
(or stand of vegetation) is calculated by multiplying reference crop evapotranspiration 
(ETO) by an appropriate crop factor (kc) (Grayson et al., 1996; Itier et al., 1996).  
Techniques commonly used to determine ETo include the standardised Penman 
method (Grayson et al., 1996), the FAO – 24 radiation method and the FAO Penman-
Monteith method (Allen et al., 1998).  The crop coefficient is typically calibrated by 
lysimeter studies and is specific to the equation used to determine ETo (Itiers et al., 
1996; Meyer et al., 1999). 
Pan evaporation data may be used to predict reference crop evapotranspiration by 
applying a pan coefficient as per open water evaporation estimation provided a 
sufficient averaging period is used (Allen et al., 1998).  Chiew et al. (1995) found a 
‘satisfactory’ correlation between class-A pan data and FAO Penman-Monteith ETo for 
averaging periods greater than three days.  Coefficients for various locations around 
Australia were derived and the importance of calibrating pan coefficients to locality was 
emphasised.  Reference crop pan coefficients for the Sydney area (closest given 
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location to the study site) were 0.74, 0.72, 0.67 and 0.74 for summer, autumn, winter 
and spring respectively. 
A simpler method of estimating actual evapotranspiration is to apply a factor that 
combines the pan coefficient and crop factor for a given area directly to pan 
evaporation data (EPA NSW, 1995).  Kadlec (1989) suggested a pan factor of 0.8 to 
estimate ETa from a wetland. EPA NSW (1995) gives monthly factors for common 
agricultural crops and recommends a default value of 0.8.  Applying Sydney reference 
crop pan coefficients to the crop factor of 1.1 for rice (a flooded crop that could 
represent a wetland) in Australia (Meyer et al., 1999) also produces values close to 0.8.  
Since 0.8 is close to the pan coefficient used for the open water evaporation 
calculations described above, and wetland evapotranspiration is meant to be roughly 
equal to lake evaporation (Kadlec, 1989), this value was selected as an appropriate 
pan factor for the vegetated (first) wetland cell this study.  This value was also adopted 
by Raisin et al. (1999) in their water balance calculations for a natural wetland in 
Victoria, Australia.   
Hence the equation used for calculating evapotranspiration from the first wetland cell 
was 
PANkET ETa = (3.3) 
m/d  A),(class nevaporatio pan
0.8
factor pirationevapotrans  wetlandk










3.4.3.5 Overflows and seepage 
No overflow incidents were reported during the sampling period; hence losses due to 
overflows were zero.  The measurement of groundwater flows was beyond the scope 
of this study, hence losses via seepage had to be estimated.  Seepage from 
constructed ponds and wetlands can amount to significant losses from the water 
budget.  The rate of seepage is a function of the hydraulic conductivity of the liner used 
to seal the pond but also occurs through hydraulic defects in the liner that arise during 
construction (Johnston, 1992).  Wastewater treatment and storage ponds used in 
agriculture tend to rely on compacted in-situ (preferably clay) soils for lining.  Natural 
self-sealing processes such as physical clogging of soil pores by suspended solids, 
biological sealing of pores by polysaccharide exudates and other microbial by-
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products, chemical reactions and electrostatic interactions between the wastewater and 
the liner, and swelling of clays can moderate seepage through native soil liners 
(Johnston, 1992; Ham and DeSutter, 1999).  Seepage rates have been shown to 
decline rapidly in the initial months following the commencement of wastewater inflow, 
primarily due to the physical clogging effects of sludge deposition (Roswell et al., 1985; 
Ham and DeSutter, 1999; Ham, n.d.; Lakshmi and Davalos, 2000).   
In a laboratory study of seepage rates from native soil liners, Lakshmi and Davalos 
(2000) measured seepage rates of between 3.3 and 0.03 mm/d for three different soil 
types differentiated by their clay content and plasticity.  Field measurements of 
seepage by Ham and DeSutter (1999) found seepage between three swine waste 
anaerobic ponds (average depth 5.6m) to be fairly consistent (around 1.0 mm/d) 
despite differences in soil type and liner thickness, although equivalent results from 
laboratory tests were much higher.  The results of a survey of 20 various livestock 
waste anaerobic lagoons exhibited similar consistency, with an average seepage value 
of 1.1 mm/d despite differences in soil type, wastewater characteristics and depths to 
groundwater (Ham, 2000).  The range of measured seepage values corresponded 
closely with other reported seepage rates, and it was suggested that seepage from 
most lagoons (ponds) probably lies between 0.3 and 1.6 mm/d.  It is assumed that the 
compacted in-situ clay liner of the anaerobic pond in this study, combined with the 
long-term sealing effects of accumulated sludge are likely to keep seepage to a level 
not dissimilar to other established ponds.  Hence, based on the congruity of data found 
in the literature, a seepage rate of 1.0 mm/d was assumed for the anaerobic pond.   
Research related to seepage from aerobic/facultative ponds and constructed wetlands 
was less abundant.  Raisin et al. (1999) measured groundwater exchanges in a natural 
wetland in which 97% of surface flows originated from groundwater discharges, but 
natural systems would be expected to be linked with groundwater flows.  Larson et al. 
(2000) measured seepage from two large partially constructed wetlands receiving 
agricultural drainage, however the wetlands were designed to allow seepage to occur.   
Given that the aerobic pond and the constructed wetlands were also constructed with 
an in-situ clay liner, the translation of typical waste stabilisation pond seepage 
characteristics would seem an appropriate supposition.  Johnston (1992) reports that 
the sealing processes of wastewater interaction with the soil liner do not decline with 
pretreatment of wastewater.  This fact, along with the lack of influence of other potential 
variables such as soil type and groundwater depth, form the basis of the assumption 
that the hydraulic conductivity associated with the seepage rate adopted for the 
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anaerobic pond is also applicable to the aerobic pond and constructed wetlands.  
According to Darcy’s law for flow through porous materials, seepage through a clay 
liner in a lagoon is directly proportional to hydraulic conductivity and the depth of 
wastewater.  Thus, the fractional depth (relative to the anaerobic pond) of the aerobic 
pond and the wetlands was multiplied by the assumed seepage rate for the anaerobic 
pond to obtain seepage rates for those treatment units.  Finally, to calculate total 
seepage flow from each treatment unit, the assumed seepage rates were multiplied by 
the submerged area of each respective pond or wetland. 
3.4.3.6 Summary of water balance assumptions 
The main assumptions made to facilitate the generation of a water balance for the 
system are as follows: 
• Wastewater generation and plate cooler overflows were consistent over the 
sampling period 
• Rainfall measured at Leicester Park and evaporation measured at 
Wingecarribee dam were not significantly different to rainfall and evaporation at 
the farm site 
• Sealing characteristics of the clay soil underlying the ponds and wetlands are 
similar to those reported in the literature 
• Infiltration of groundwater into the ponds and wetlands was zero 
 
Table 3.4 provides a summary of the quantitative assumptions used in the water 
balance calculations. 









Pan factor for 
evaporation/evapotranspiration 0.8 0.8 0.8 0.8 
Seepage rate (mm/d) 1.0 0.56 0.22 0.33 
 
3.4.4 Pollutant Budget 
To obtain a more informative account of the fate of pollutants through the system a 
pollutant budget was calculated using the results from the water quality monitoring and 
the water balance.  Inlet and outlet concentrations from each stage were multiplied by 
the respective inflows and outflows to determine pollutant loading and export rates.  
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The difference between loading and export was calculated as the net or apparent 
pollutant removal rate.  Volumetric and areal transfer rates were determined by dividing 
the loading, export and removal rates by the total volume or surface area of the ponds 
and wetlands respectively. 
3.4.5 Performance Modelling and Determination of Temperature Coefficients 
First order removal rate equations appropriate to the hydrodynamic character of each 
of the two treatment stages were applied to the effluent quality data in order to 
determine removal rate and temperature coefficients for each wastewater parameter 
monitored.  Typically, first order models applied to treatment ponds and wetlands do 
not account for changes to the water budget caused by rainfall, 
evaporation/evapotranspiration, seepage and other flows.  On account of the large 
surface area of the system and the influence of an additional inflow (spent plate cooler 
water), fluctuations in the water budget through the system were expected to be large, 
and to have significant impact on system performance.  Hence, alternative rate 
equations were derived to incorporate changes in flowrate through each respective 
treatment stage.  Removal rate constants were determined according to net apparent 
removal rate through the treatment stage (reactor) for each sampling date and then 
plotted against temperature.  The Arrhenius temperature dependence equation given in 
Chapter Two (Equations 2.4 and 2.10) was fitted to the plot to produce values for the 
temperature coefficient and the removal rate constant at 20°C. 
3.4.6 Water Quality Impacts of Off-site Disposal 
To examine the impacts of effluent disposal on the water quality of the receiving creek, 
creek water was sampled upstream and downstream of the discharge point for water 
quality analysis.  Since no control site was used and no pre-effluent disposal data were 
available, the monitoring program is classified as Case B under Australian water quality 
monitoring guidelines (ANZECC and ARMCANZ, 2000a).  Inferences from the 
monitoring program are thus based on temporal changes alone.  Samples were 
collected from free-flowing parts of the creek that promoted mixing.  Laboratory 
analysis procedures were identical to those of the effluent monitoring component cited 
in Section 3.4.1.  
3.4.6.1 Statistical analysis 
The Wilcoxon signed-rank test was performed on the paired (upstream and 
downstream) sets of data for each water quality parameter in order to compare the 
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data distributions.  The non-parametric test was deemed to be more powerful than the 
paired t-test for the small number of samples or data points (Daniel, 1990; Walpole and 
Myers, 1990; Pallant, 2001).  Sample distributions were considered significantly 
different where p < 0.1. Correlations between pollutant loading from the effluent 
discharge and the change in pollutant concentration from upstream to downstream of 
the discharge point  (downstream concentration minus upstream concentration) were 
then explored using regression analysis.   
3.4.6.2 Comparison with data from previous water quality monitoring 
As an additional consistency check, results from the water quality monitoring were 
compared with creek water quality data from the 1996 and 1999 monitoring programs.  
The historical data were also incorporated into reference data used to obtain trigger 
values for assessment of water quality degradation (see Section 3.4.6.3 below).  The 
data from the previous monitoring programs are summarised in Table 3.5.  
Table 3.5  Mean creek water contaminant concentrations from previous monitoring 
programs.  Standard deviation is given in parentheses.  1996 figures were calculated 
from two samples except where indicated.  1999 figures were calculated from three 
samples.   
1996 1999 Parameter 
 Upstream Downstream Upstream Downstream 
Temperature (ºC) 16.2  a  14.9a    
pH 7.0 (0.3) 7.1 (0.2) b b7.52 (0.28) 7.13 (0.04) 
EC (dS/m) 591 (178) 723 (13)   
TSS (mg/L) 10 (2) 44 (44) 9 (4) 6 (1) 
COD    22 (11) 62 (33) 
BOD  (mg/L) 3 (2) 5 (4) 2 (1) 11 (3) 5
TKN (mg N/L) 0.8  a  3.9a    
NH -N (mg N/L) 0.2 (0.1) 1.1 (0.6) 3   
NO3-N (mg N/L) 0.4 (0.4) 0.7 (0.6) 0.0b (0.0) 1.5b (1.9) 
TP (mg P/L) 0.1 (0.0) 0.5 (0.2) 0.1b (0.2) 2.3b (1.5) 
a One sample only 
b Calculated from two samples 
3.4.6.3 Water Quality Guidelines assessment 
Being a rural stream that is likely to receive runoff from a range of agricultural sources, 
the creek was considered as a “highly disturbed [aquatic] ecosystem” according to the 
terms set out in Australian and New Zealand Guidelines for Fresh and Marine Water 
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Quality (ANZECC & ARMCANZ, 2000a).  Using this characterisation as a basis for 
assessment, water quality data from upstream of the discharge point was used as 
reference data to determine trigger values for assessing downstream water quality 
impacts of effluent discharge.  Thus within the context of maintaining existing water 
quality, 10th and 90th percentiles of the reference data were regarded as lower and 
upper trigger values (hazard risk thresholds), respectively, against which to compare 
downstream median concentrations as prescribed for aquatic ecosystems in the 
Guidelines (ANZECC & ARMCANZ, 2000a).  To provide a larger sample population 
and a historical vantage, data from the present study and the previous monitoring 
programs were pooled for the analysis.  Water quality data was also compared with the 
default trigger values given in the Guidelines to provide an indication of the state of the 
creek with respect to broader water quality objectives.   
3.5 RESULTS 
Effluent and creek water samples were collected on 22 March 2000 (early autumn), 14 
September and 23 November 2000 (early and late spring), 15 February 2001 (late 
summer), 16 May 2001 (late autumn) and 19 July 2001 (mid-winter).  Samples from the 
first (March 2000) collection round were analysed for temperature, pH and BOD5 only 
as analytical procedures for the other parameters were not yet finalised.  Analysis for 
TS was not included in the initial schedule of monitoring parameters hence there are no 
results for TS and TDS data from the March and September 2000 sampling rounds.  
Nitrate analysis was not possible in February and July of 2001 due to breakdown of the 
ion chromatography unit.  The effluent monitoring data is presented and explained in 
the following section.  The results effluent monitoring, water and pollutant budgeting, 
performance modelling and creek water monitoring are presented in the following 
sections. 
3.5.1 Effluent Monitoring 
The results of the effluent monitoring for the various wastewater parameters are 
presented in the following sections.  Mean influent and effluent pollutant concentrations 
and percentage reductions for the ponds and wetlands are given in Table 3.6.  The raw 
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Table 3.6  Mean effluent pollutant concentrations and reduction efficiencies of the treatment ponds and 
wetlands system.  Means calculated from five samples except where indicated.  Standard deviations 
are given in parentheses. 
















Temperature (°C)  a 15.6 (10.9-18.6) 15.1 (9.2-20.0)  15.0 (7.3-21.0)   
pH a 8.3 (0.3) 7.7 (0.1)  7.6 (0.2)   
TS (mg/L)b 4044 (77) 1495 (213) 63 1272 (87) 15 69 
TSS (mg/L) 2009 (507) 304 (127) 85 100 (26) 67 95 
TDS (mg/L) b 1878 (453) 1189 (72) 37 1169 (75) 2 38 
EC (dS/m) 2.18 (0.41) 2.16 (0.19) 1 1.71 (0.22) 19 19 
COD (mg/L) 4191 (635) 958 (303) 77 490 (54) 49 88 
BOD5 (mg/L) a 927 (99) 99 (30) 89 54 (21) 45 94 
TKN (mg/L) 272 (27) 160 (39) 41 80 (22) 50 70 
NH3 -N (mg/L) 72 (2) 114 (26) -59 53 (12) 53 26 
Organic-N (mg/L) 200 (29) 46 (21) 77 28 (13) 40 86 
NO3-N (mg/L)c 2.0 (0.5) 6.4 (0.6) -220 4.7 (1.2) 26 -135 
TN (mg/L)c 266 (2) 181 (28) 32 92 (18) 49 65 
DRP (mg/L) 14.2 (4.0) 27.2 (3.4) -91 22.6 (2.0) 17 -59 
TP (mg/L) 43.3 (6.7) 33.5 (3.1) 23 28.0 (1.7) 16 35 
 Range given in parentheses 
a Mean calculated from six samples 
b Mean calculated from four samples 
c Mean calculated from three samples 
3.5.1.1 Temperature 
Figure 3.3 shows the temperature variation over the sampling period between the 
various stages of treatment.  Air temperature data was obtained from a Bureau of 
Meteorology weather station located in Bowral (station number 68102) and is given in 
Appendix E.  The temperatures of all the effluent sources show typical seasonal 
variation and generally fall within the range of regional mean monthly air temperature 
maxima and minima.  The only value to fall outside this band was that of the May solids 
trap effluent reading, which may be attributed to the lag between seasonal change in 
groundwater temperature and surface temperature (the solids trap effluent had been 
extracted from the bore less than an hour before measurement).  Conversely, water 
that has had greater exposure to the atmosphere (pond and wetland effluent) shows 
more marked variation in accordance with ambient temperature. 
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Figure 3.3  Temperature variation in the ponds and wetlands and 
average monthly air minima and maxima over the sampling period.  
3.5.1.2 pH and Conductivity 
Variation in pH between sampling periods is minimal, as was the variation between 
treatment stages.  Average pH values for the system influent, ponds effluent and 
wetlands effluent were 8.3, 7.7 and 7.6, respectively, indicating that the system 
effectively neutralises the mildly alkaline wastewater from the dairy.  The data (shown 
in Figure 3.4) are consistent with pH levels measured in previous monitoring (Table 
3.3).   
Conductivity measurements exhibited more variability between sampling rounds, 
particularly for the solids trap effluent.  Treatment in the ponds appeared to cause little 
to no reduction in EC levels as mean conductivity for the solids trap and pond effluents 
are almost equal (2.18 and 2.16, respectively).  Only the wetlands appeared to reduce 
conductivity in the wastewater, averaging an effluent level of 1.71 for a mean reduction 
of 19%.  Evidently precipitation and/or adsorption reactions are occurring in the 
wetlands.  The average conductivity levels in the effluent of both stages are notably 
higher than those measured in 1996, which may indicate reduced capacity for 
adsorption and precipitation of dissolved salts. 
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Figure 3.4  Wastewater parameters: (a) pH and (b) electrical conductivity. 
3.5.1.3 Solids 
The effluent solids concentrations data are presented in Figure 3.5.  The plots show 
that the system is achieving significant reductions of total solids and suspended solids 
concentrations.  Influent to the system contained on average 4044, 2009 and 1878 
mg/L total solids, suspended solids and dissolved solids respectively.  The mean 
percentage reductions for total, suspended and dissolved solids concentrations through 
the entire system were 69%, 95% and 38%, respectively.  The most significant 
reductions occurred in the ponds (63%, 85% and 37% for TS, TSS and TDS, 
respectively), which are comparable to reductions reported in the literature (see 
Appendix B, Table B.1).  The mean pond effluent TSS concentration is very close to 
TSS concentrations reported in 1996 indicating sustained long-term solids removal 
efficiency, although lower concentrations have been reported for similar dairy two-pond 
systems in New Zealand (Hickey et al., 1989; Sukias et al., 2001).  The pond 
reductions in TDS levels are not consistent with the lack of change in EC levels noted 
earlier.  This could be related to the consumption of readily digestible dissolved organic 
material by microbial respiration, leaving behind soluble salts that are not as readily 
removed by adsorption and precipitation processes.  
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Figure 3.5  Wastewater solids content: (a) total solids; (b) total suspended solids; (c) total dissolved solids 
Mean reduction of suspended solids in the wetlands (67%) was more effective than 
observed in previous years; however reductions of the more conservative dissolved 
fraction were almost zero.  Accordingly, most reductions of TS in the wetlands were 
apparent as suspended solids changes in TSS.  This was the case through the entire 
system, highlighted by the gradual decline in mean TSS percentage fraction (of TS) 
from 54% entering the ponds to 20% in the pond effluent to 8% in the wetlands effluent.  
TSS reductions were hindered by contributions of suspended material from algal 
growth.  Algal proliferation was evident from the visible presence of algae in the effluent 
from the second wetland cell and is likely to be a product of lack of vegetation in the 
second cell.  Interference from algal growth appears to be a long-term but variable 
trend as present effluent concentrations in the wetlands are very similar to those 
observed in 1996, but higher than supernatant concentrations measured in 1999. 
Again, changes in TDS reductions (or the lack thereof) counter the decreasing EC 
levels through the wetland.  It may suffice to suggest that removal of dissolved solids 
via precipitation and adsorption of mineral salt species is moderated by contributions of 
dissolved organic compounds from the gradual decomposition of algal and other 
colloidal refractory organic material.  This is discussed further in the following section. 
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3.5.1.4 BOD5 and COD 
Substantial reductions in both COD and BOD5 were achieved in both treatment stages, 
as can be seen in Figure 3.6.  Influent COD concentration averaged 4191 mg/L and 
was reduced by an average 88% through the system.  The greater portion of reduction 
was achieved in the ponds (77%), while the wetlands effected a 49% reduction.  BOD5 
reduction was even more effective through the system (94% of 927 mg/L).  Again the 
largest reductions occurred in the ponds, averaging 89% compared with 45% in the 
wetlands.  BOD5 concentrations in the ponds effluent were notably lower than 1996 
levels, although mean BOD5 reduction efficiency in the wetlands was higher in 1996 
(73%) due to the higher average influent concentration.  In 1999, BOD5 and COD 
supernatant concentrations were higher in both stages, but reductions were 
approximately the same compared with present figures.  On the whole the system 
appears to be achieving consistent biological treatment to effectively reduce BOD5 and 








































































Figure 3.6  Wastewater organic content (a) chemical oxygen demand; (b) biochemical oxygen demand 
The treatment effects of the ponds notably reduced the degradability of the wastewater, 
evidenced by an increase in the mean COD:BOD5 ratio from 4.4 to 9.9.  The increase 
is related to the rapid decomposition of readily biodegradable material (BOD5) leaving 
behind a greater proportion of slowly degradable organic matter (COD), and indicates a 
reasonable level of digestion activity in the ponds.  While both COD and BOD5 were 
reduced by almost 50% in the wetlands, the COD:BOD5 ratio changed little (to 9.6).  
This would suggest that reductions of readily degradable material are being tempered 
by contributions from slowly degrading refractory organic material.  The digestion 
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behaviour of the system is also characterised by the COD:TS ratio, which decreased 
from 1.04 in the solids trap effluent to 0.64 and 0.39 in the ponds and wetlands 
effluents, respectively.  The greater reduction in the ponds again points to the rapid 
decomposition of BOD5 in contrast with the slower decomposition of refractory organic 
material in the wetlands.  
The changes in COD:TS correlate well with the relative changes in TDS and 
conductivity, confirming that decreasing reductions of TDS through the system are 
related to the rapid consumption of dissolved organic material in the ponds followed by 
incremental reductions and contributions in the wetlands.  Contributions of dissolved 
organics from slowly degrading refractory organic substrate would also partially explain 
the relatively low BOD5 reduction efficiency of the wetlands in relation to the much 
higher BOD5 reductions occurring in the ponds.  Die-off of suspended algal material 
would also inhibit the wetlands BOD5 reduction efficiency (Metcalf & Eddy, 1991).  
3.5.1.5 Nitrogen 
Influent TKN concentrations were fairly consistent over the sampling period, averaging 
272 mg/L (Table 3.6).  Reductions in the ponds and the wetlands were lower than 
could be expected at 41% and 50% respectively for an overall reduction of 70%.  Mean 
effluent concentrations were higher than levels reported in 1996, and the average 
reduction efficiency of the wetlands was lower.  The fluctuations of ammonia through 
the system (see Figure 3.7) indicate that rapid mineralisation of organic nitrogen is 
occurring in the ponds to raise ammonia concentrations from an average 72 mg/L to 
114 mg/L.  The production of ionised ammonia would contribute to the dissolved salt 
concentration and thus conductivity levels.  The mean pond effluent ammonia 
concentration was substantially higher than the 1996 average.   
The elevated ammonia concentrations in the pond effluent are effectively reduced in 
the wetlands by an average 53% (which correlates with the reduction in EC levels); 
however, this reduction is much lower than the 84% average calculated from the 1996 
data.  This could be related to the gradual build-up of sludge and associated 
accumulation of organic N available for subsequent ammonification in the anaerobic 
pond.  Indeed ammonia contributions from mineralisation in the ponds appear to be 
keeping overall ammonia reduction at a relatively low 26%.  The mean percentage 
ammonia fraction of TKN increases in the ponds from 27% to 72% whilst remaining 
fairly steady in the wetlands at 67%.  
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Figure 3.7  Wastewater nitrogen content: (a) total kjeldhal nitrogen; (b) ammonia nitrogen; (c) organic 
nitrogen; (d) nitrate nitrogen 
Organic nitrogen (200 mg/L average influent concentration) is the most effectively 
removed nitrogen species, with concentrations being lowered by 77%, 40% and 86% in 
the ponds, wetlands and the total system respectively.  It could be inferred that most of 
the reduction in the ponds would be caused by settling of organic solids on account of 
organic N reductions being higher than net ammonia gains.  This, however, assumes 
negligible ammonia losses by volatilisation or nitrification/denitrification in the ponds.  
With such high influent ammonia concentrations, considerable losses via volatilisation 
are to be expected under the alkaline conditions of the anaerobic pond, particularly at 
the warmer times of the year (Aneja et al., 2001).  And from the apparent increases in 
nitrate concentrations it appears that some degree of nitrification of ammonia is 
occurring in the oxygenated portion of the aerobic (facultative) pond water column.  
Without measurements of sludge nitrogen content, the fate of organic N cannot be 
unequivocally determined. 
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The relatively small changes in nitrate levels in the wetlands (and shortage of data) 
make it hard to discern whether or not nitrification is in fact removing ammonia.  
Further, data from 1996 and 1999 indicate nitrate was not present in significant 
concentrations.  However, the neutral pH and low temperatures would moderate 
volatilisation losses from the wetlands, and denitrification is likely to proceed more 
rapidly than nitrification once nitrate becomes available (Kadlec, 1995).  Hence 
nitrification and subsequent denitrification is probably the major ammonia removal 
pathway in the wetlands.  Initial analyses for nitrite revealed negligible (mostly zero) 
concentrations; hence its analysis was discontinued for subsequent samples. 
Assuming a zero nitrite fraction, total N reductions were 35%, 49% and 65% for the 
ponds, wetlands and total system respectively.  
3.5.1.6 Phosphorus 
Phosphorus reductions through the ponds and wetlands were relatively low.  TP 
concentrations entering the system averaged 43.3 mg/L and were reduced by an 
overall average 35%.  Figure 3.8 shows the notable consistency of TP concentrations 
in the effluent from the ponds and wetlands, averaging 33.5 and 28.0 mg P/L 
respectively.  Such consistency is indicative of a high irreducible background 
concentration, which is related to saturation of sorption sites in the soil and sediment 
(sludge) of the system (Reddy et al., 1998).  Effluent TP concentrations were 
significantly lower in 1996 (18.9 and 6.9 mg P/L for the ponds and wetlands, 
respectively) and reduction in the wetlands (63%) was notably higher than the current 
figure of 16%.  Current pond reduction of TP (23%) is lower than partitioning that is 
generally anticipated to occur in typical two-pond systems.  And as was the case with 
ammonia removal, there appeared to be a pattern of declining P removal with time 
even at the early stages of operation in 1996.  The indications of rapid progress 
towards P saturation apparent in the 1996 data are further substantiated by the results 
of supernatant monitoring conducted in 1999, which revealed mean TP concentrations 
of 35.4 and 29.9 mg /L in the ponds and wetlands respectively.  Such deterioration in 
effluent quality is typical of P saturation observed in heavily P-loaded wetland systems 
(Watson et al., 1989).  The poor performance of the system may be attributed to 
dissolution of P into the water column from accumulating P-rich sludge/sediment in the 
ponds and P-saturated bottom soil and sediment in the wetlands. 
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Figure 3.8  Wastewater phosphorus concentrations: (a) total phosphorus, (b) dissolved reactive 
phosphorus. 
Further evidence of P saturation is the dramatic increase in the dissolved reactive 
fraction of phosphorus through the ponds from 33% of TP in the influent to 82% in the 
effluent.  It would appear that phosphates are being released from suspended organic 
material and/or the sludge blanket to contribute to both DRP and EC levels.  This would 
also suggest that phosphorus reduction in the ponds is almost exclusively due to 
sedimentation of particulate P.  The proportion of DRP changed little through the 
wetlands; however DRP concentration reductions in the wetlands tended to exceed TP 
reductions, which would indicate additions of particulate P from the wetlands.  These 
may come from such sources as algae that assimilate available forms of P and detritus 
generated from dead biota and plant material.  Given the second wetland the 
consistent presence of algal matter in effluent samples from the wetland, most 
particulate P contributions would probably be algae-related. 
3.5.2 Water Balance 
Wastewater flow from the dairy through the solids trap into the treatment ponds was 
determined from the water usage pattern of the wash-down of the dairy, which is given 
in Table 3.7.  Wastewater generation from the dairy totalled 9.5m3/d.  Mean daily 
rainfall and pan evaporation over the sampling period were 2.0 mm/d and 3.1 mm/d, 
respectively.  The water balance for each stage of the treatment system is presented 
as a flow chart in Figure 3.9.  Rainfall and evaporation data are provided in Appendix F 
and calculation sheets for the water balance are presented in Appendix G.  It is 
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emphasised here that calculated daily flowrates are representative of long-term (≥ 1 
year) averages. 
Table 3.7  Water usage in the dairy 
Wash down process Average time 
(min) 
Hose flowrate 
(L/s) Daily Volume (m
3)
Dairy parlour (morning) 4.8 1.1 0.3 
Holding yard (morning) 20.1 6.2 7.4 
Dairy parlour (afternoon) 13.6 1.1 0.9 
Milking equipment (morning and afternoon)   0.9 
Total   9.5 
 
The calculated average flowrate through the system increased from 9.5 m3/d at the 
inlet to 11.4 m3/d at the outlet of the second wetland cell.  The marked increase in flow 
through the ponds is caused by the addition of uncontaminated water from the dairy, 
including overflows from the plate coolers (4.7 m3/d) and storm water runoff from the 
yards and shed (daily mean of 1.1 m3/d).  While the overflow and runoff waters are 
generated in the dairy, they are not part of the contaminated waste stream and are 
therefore not counted as part of the influent to the ponds.  It is assumed here that the 
concentrations of contaminants in these additional water inputs were not high enough 
to add significant loading to the system.   
Mean daily rainfall contributions to the ponds and wetlands totalled 8.1 m3/d.  
Evaporation and evapotranspiration losses averaged 10.2 m3/d, which caused flow to 
gradually decrease through the system.  Seepage losses amounted to 1.8 m3/d, which 
was 13.6% of the remainder of the water budget.  To test the robustness of the water 
balance against possibly erroneous assumptions, a sensitivity analysis was performed.  
A 10% change to the assumed pond evaporation pan factor resulted in changes of less 
than 4% to the outflow from the system.  If the assumed seepage rate from the 
anaerobic pond was changed by 10% (which influenced seepage from all the ponds 
and wetlands), the net result was a change in the system outflow of less than 2%.  The 
assumed seepage rate is the value most likely to be inaccurate as there is no field data 
basis at all.  The assumption would have to be in error by more than 50% to 
significantly alter the outcome of the water balance; that is, by more than 10%. 
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Figure 3.9  Water balance for the pond and wetland treatment system in terms of daily flow (m3/d). 
Hydraulic characteristics of the individual treatment stages were estimated using their 
volumetric properties and projected outlet flowrates (refer to Table 3.8).  The two-stage 
pond component has an overall theoretical hydraulic retention time (HRT) of 115 days 
(anaerobic 36 days, aerobic 79 days), which is close to values reported for similar 
systems and satisfies NSW Agriculture design guidelines (1999).  The theoretical 
hydraulic loading rates (q) of the two wetlands were low compared to other wastewater 
treatment systems for livestock operations.  Both wetland cells are also very deep, 
resulting in an unusually long hydraulic residence time (HRT) through the system.  The 
system has evidently been designed conservatively, probably to allow for a factor of 
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Table 3.8  Hydraulic characteristics of the pond and 
wetland treatment system. 
Stage Outflow, Q 
(m3/d) 
HRT  (d) q  (cm/d) 
Anaerobic pond 14.7 36 3.8 
Aerobic pond 13.6 79 1.4 
Wetland cell 1 13.0 34 1.6 
Wetland cell 2 11.4 106 0.6 
 Based on outflow 
3.5.3 Pollutant Budget 
Accounting for flow changes through the system produces noticeably different values 
for treatment efficiency (by mass removal) compared to values computed from 
concentration reductions.  The pollutant loading, export and removal rates for the 
individual ponds and wetlands stages and the total system are presented in Table 3.9 
and Table 3.10, respectively.  In the ponds, percent mass removal is lower than 
percentage concentration reduction due to the dilution caused by water from the spent 
plate cooler water overflow.  It should be noted, however, that it is assumed that this 
water enters the ponds free from contamination.  In reality, as the water passes 
through the solids trap, it is contaminated by the collected sludge.  The contamination 
is visibly strong at first, but declines as the flow steadies.  This contamination would 
add to the pollutant loading to the ponds, which would increase the apparent removal 
rate.  This aside, BOD5 removal remains fairly effective through the ponds, although 
suspended solids removal is lower than could be reasonably expected.  The calculated 
BOD5 volumetric loading rate to the anaerobic pond (wastewater only) is below the 
recommended maximum for dairy shed wastewater treatment ponds in Australia and 
New Zealand (refer to Table 2.4) and should allow for optimum performance.  The 
relatively poor solids removal may be a result of the accumulation of sludge in the 
anaerobic pond reducing sedimentation time and allowing greater resuspension of 
sediment, and also algal growth in the aerobic pond. 
As would be expected in waste stabilisation ponds, nutrient removal is relatively poor, 
although organic N removal is relatively high.  The rate of mineralisation is evidently 
faster than the combined ammonia removal processes of volatilisation and nitrification 
causing ammonia loading to increase through the ponds.  Perhaps most revealing of 
the state of the ponds, however, is the increase in TP loading through the ponds.  This 
is most likely due to accumulation of P in the ponds (particularly in the anaerobic pond 
sludge) and resulting in desorption from the P-saturated sediment into the water 
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column.  Desorption would be enhanced by the reducing conditions of the anaerobic 
pond and the lower depths of the aerobic (facultative) pond (Patrick and Khalid, 1974; 
Reddy et al., 1998). 




loading rate to 
anaerobic pond 
Volumetric 









 (kg/d) (g/m3-d) (g/m3-d) (kg/d) (g/m3-d) (%) 
TS 38.34 71.67 23.89 20.35 11.21 47 
TSS 20.54 38.39 12.80 4.17 10.20 79 
TDS 17.80 33.28 11.09 16.18 1.01 5 
COD 41.77 78.08 26.03 11.69 18.74 71 
BOD5 9.26 17.32 5.77 1.32 4.95 86 
TKN 2.60 4.86 1.62 2.02 0.36 22 
NH3-N 0.68 1.27 0.42 1.42 -0.74 -109 
Organic-N 1.92 3.59 1.20 0.61 0.82 69 
NO3-N 0.02 0.04 0.01 0.09 -0.04 -305 
TP 0.42 0.78 0.26 0.44 -0.01 -7 
DRP 0.15 0.28 0.09 0.38 -0.15 -156 
   
The pollutant budget of the wetland treatment stage revealed that mass removals are 
higher than concentration reductions on account of the concentration of contaminants 
caused by evaporation (refer to Table 3.10).  Of note are the higher apparent removals 
of TP and DRP.  Despite the P overloading occurring in the ponds, the wetlands are 
still showing a capacity to adsorb P (which appears to be the main removal pathway on 
account of the higher DRP percentage removal).  However, given the notably better P 
treatment efficiency recorded in 1996, it would appear that the sorption capacity of the 
wetlands is also fast becoming saturated.  This is particularly undesirable in terms of 
the likely associated impacts on the receiving creek.  
The calculated BOD5 and TSS loading rates are very low compared to recommended 
values given in the literature (see Table 2.6), which would suggest that the wetlands 
should be capable of high treatment efficiencies.  However, relative to the performance 
of wetlands treating similar wastewaters, the system is achieving only moderate 
removal of BOD5, TSS and COD.  Nutrient removal through the combined wetland cells 
is also moderate in comparison with other wetland systems used to treat dairy shed 
wastewaters.  However, nutrient loading rates to the wetlands are much closer to the 
recommended limits quoted in Table 2.6.  DRP loading is in fact above the 
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recommended rate, which would be the main factor in the decline in P removal 
efficiency since 1996.  Nonetheless, the results of the wetlands pollutant budget 
generally indicate that the wetlands are underperforming in terms of achieving 
satisfactory pollutant reduction for off-site disposal and in comparison with other 
wetland systems used to treat dairy shed waste. 
Table 3.10  Pollutant loading and removal in the wetlands treatment stage and through the entire system. 
Wetlands System Parameter 
Influent load Areal loading 
rate 
Effluent load Areal removal 
rate 
Mass removal Mass removal 
  (kg/d) (g/m2-d) (kg/d) (g/m2-d) (%) (%) 
TS 20.35 7.57 14.47 2.19 28 62 
TSS 4.17 1.55 1.17 1.12 69 94 
TDS 16.18 6.02 13.30 1.07 18 25 
COD 11.69 4.35 5.54 2.29 50 87 
BOD5 1.32 0.49 0.62 0.26 53 93 
TKN 2.02 0.75 0.87 0.43 58 67 
NH3-N 1.42 0.53 0.58 0.31 59 14 
Organic-N 0.61 0.23 0.28 0.12 53 85 
NO3-N 0.09 0.03 0.05 0.01 46 -116 
TP 0.44 0.16 0.32 0.05 28 25 
DRP 0.38 0.14 0.24 0.05 36 -62 
 
Pollutant removal percentages for the treatment system as a whole (see Table 3.10) 
are very similar to the concentration reductions given in Table 3.6.  Evidently the water 
gains and losses through the system effectively cancel each other out, making 
concentration reduction almost equivalent to mass removal.  Suspended solids, BOD5 
and COD loadings are substantially reduced through the system, but nutrient removal 
is limited.  Again, the P saturation of the system is highlighted by the net increase in 
DRP loading.  The disposal of the treated effluent is allowing the release of 
approximately 5.28 tonnes of material into the Nattai Creek in a single year.  This load 
consists of approximately 427 kg TSS, 2022 kg COD, 117 kg BOD5, 350 kg TN and 88 
kg TP.   
3.5.4 Performance Modelling and Temperature Coefficients 
Assuming first order pollutant removal kinetics, removal rate equations that accounted 
for changes in flowrate through the system were derived for the ponds and wetlands 
according to assumed hydrodynamic characteristics of each treatment stage.  Data 
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from the effluent quality monitoring was then fitted to the models to determine removal 
rate constants.  The relationship between temperature and removal rate (performance 
efficiency) for the various wastewater parameters was explored by plotting the rate 
constants against water temperature data.  The derivation of the equations and results 
of data fitting are presented below. 
3.5.4.1 Ponds complete-mix model 
To determine the appropriate flow regime for the anaerobic-aerobic pond stage, the 
Peclet number for each pond was determined using the equation derived by Nameche 
and Vasel (1998) for waste stabilisation ponds (Equation 2.2).  Since both ponds are 
irregularly shaped, median length and width dimensions were used in the equation.  
Both ponds were found to have Peclet numbers close to or less than two (refer to Table 
3.11) and had length to width ratios of less than four, thus the two units were 
considered to behave as completely mixed reactors, as per Torres et al. (1997) and 
Nacheme and Vasel (1998). 
Table 3.11  Pond dimensions and Peclet numbers. 
 Anaerobic pond Aerobic pond 
Length (m) 26 45 
Width (m) 13 23 
Depth (m) 2.7 1.5 
Peclet number 1.2 2.3 
 
Assuming constant flow and that the reactor operates under steady-state conditions 
and is closed to diffusion, the mass balance equation for a complete-mix reactor is 
(Levenspiel, 1972; Henry and Heinke, 1989) 
rVLL −=0  or  
rVCQCQ −= 000 (3.4) 
)(g/m ionconcentrat tcontaminan effluent 
and ),(g/m ionconcentrat tcontaminan influent 
/d),(moutflow  wastewater
/d),(minflow  wastewater
),(m volume (pond) reactor 
d),-(g/m rate removal tcontaminan 
(g/d), loading effluent 
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However, when the flow through the reactor changes, as is the case with the treatment 
ponds, the equation becomes 
rVQCCQ −=00 (3.5)
/dm outflow, wastewater where 3=Q  






















































































(d)outflow  on based time residencehydraulic  where =τ  
Finally, the flow-adjusted model equation in terms of influent concentration and the 
removal rate constant k is expressed thus: 
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Effluent quality data is only available from the inlet to the anaerobic pond and the outlet 
from the aerobic pond.  Hence, the ponds are lumped together and modelled as a 
single reactor.  To allow this ‘black box’ simplification, it must be assumed that the 
volumetric removal rates of the two ponds are equal (Levenspiel, 1972).  The different 
size and configuration (and associated treatment processes) of the two ponds would 
indicate that this assumption is not substantive.  Therefore, the rate constants 
determined by the application of the model to the data cannot be directly used to 
determine individual pond characteristics.  Nonetheless, for the purposes of 
determining the effects of temperature on contaminant removal, the rate constants are 
considered to be an adequate representation of the ponds’ treatment capacity.  Other 
relevant assumptions include: 
• Contaminant losses via leaching (transport in seepage water) are part of the 
removal process (which is equivalent to assuming zero contaminant losses by 
leaching) 
• Flowrate augmentation is constant over the whole pond system 
• Removal rate constant k is a net value that accounts for removal and return 
rates within the pond system 
The results of data fitting are summarized in Table 3.12.  Removal rate constants (k) 
for each parameter were determined by fitting the model equation to the concentration 
data set for that parameter.  Individual values for the removal rate constant for each 
sampling event were then determined directly from the data.  Sets of removal rate 
constants were then fitted with corresponding temperature data using the Arrhenius 
temperature-dependence equation (2.4) to determine a temperature coefficient (θ) and 
a temperature-adjusted rate constant (k20) for each parameter.  As an indication of the 
suitability of the data fits, coefficients of determination (R2) for the model equation and 
temperature adjustment data fits are also presented. 
Model equation data fits were poor for all parameters, with most yielding negative 
coefficients of determination on account of the substantial scatter in the data.  Such 
inconsistency is typical of the performance of natural treatment systems that are, by 
definition, prone to the vagaries of environmental factors.  Indeed, the stochastic 
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variability associated with natural systems normally demands rigorous monitoring 
programs that can produce more consistent time-averaged data for modelling 
purposes.  Such programs involving continuous, flow-weighted sampling were beyond 
the scope of this study, thus the suitability of the proposed model cannot be 
substantiated.  The derived reaction rate constants, however, do provide a reasonable 
indication of the activity of the ponds.  A k value of 0.048 d-1 was obtained for COD, 
which was notably lower than the value derived by Soares and Bernardes (2001) for a 
facultative pond treating municipal wastewater.  The k value for BOD5 was lower than 
the removal rate constant reported by Torres et al. (1997) for an anaerobic pond also 
treating municipal wastewater. 
Table 3.12  Pond system model parameters. 
Model equation Arrhenius equation Parameter 
k (d-1) R2 k20 (d-1) θ R2 
TS 0.0075 -0.14 0.0099 1.058 0.60 
TSS 0.0328 -0.43 0.0830 1.207 0.98 
TDS 0.0013 -17.36 0.0000 0.795 0.08 
COD 0.0188 -1.04 0.0430 1.182 0.91 
BOD5 0.0479 -0.23 0.0870 1.126 0.73 
TKN 0.0016 0.12 0.0060 1.880 0.60 
NH3-N -0.0048 0.00 -0.0040 0.964 0.67 
Organic-N 0.0171 0.20 0.0330 1.085 0.27 
TP -0.0007 -3.70 0.0000 0.752 0.65 
DRP -0.0053 -1.21 -0.0050 0.989 0.19 
 
The results of the temperature correlations were more constructive.  Temperature was 
positively correlated with TS, TSS, COD and BOD5 (refer to Figure 3.10), while nutrient 
removal showed no significant relationship with temperature.  It should be noted that 
the individual removal rate constants obtained using the complete-mix model equation 
are directly related to observed pollutant removal and are thus not made redundant to 
the Arrhenius equation by the poor data fits to the model equation noted earlier.  The 
temperature coefficient for BOD5 removal is consistent with values for waste 
stabilisation ponds quoted in the literature (Loehr, 1984; Metcalf & Eddy, 1991; Kadlec 
and Reddy, 2001).  The relationship between solids removal and temperature is 
somewhat unexpected considering that the physical process of sedimentation is not 
temperature-dependent.  It would appear that microbial decomposition of digestible 
(volatile) solids contributes significantly to solids removal, which also suggests that a 
large fraction of the influent solids content is suspended organic material. 
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Figure 3.10  Relationship between temperature and removal rate in the anaerobic-aerobic pond 
treatment stage: (a) solids; (b) chemical and biochemical oxygen demand. 
Fitting the individual removal rate constants for nitrogen with temperature yielded 
positive correlations for all three fractions considered, although determination 
coefficients were ordinary (see Figure 3.11).  The negative removal rate constants for 
NH3-N are related to contributions from mineralised organic N.  Interestingly, the 
removal rate constant increased with temperature, indicating that losses by 
volatilisation and nitrification were greater than contributions from ammonification at 
warmer temperatures.  TP removal also improved with temperature, perhaps due to 
reduced dissolution from sludge deposits and/or increased precipitation and 


















































Figure 3.11  Relationship between temperature and removal rate in the anaerobic-aerobic pond 
treatment stage: (a) nitrogen; (b) phosphorus. 
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3.5.4.2 Wetlands plug-flow model 
Despite numerous problems that have been identified with the use of plug-flow 
hydrodynamics to model contaminant removal in treatment wetlands (Kadlec, 2000), it 
remains a useful and reasonably effective tool in predicting and assessing wetland 
performance.  In relation to the purposes of this study, the first order plug flow 
modelling technique is deemed adequate to illustrate the effects of temperature on 
wetland performance.  However, most applications of the plug flow model assume a 
constant flowrate; that is, augmentation by external factors including rainfall, 
evapotranspiration and seepage losses is zero.  The water balance presented earlier 
showed that fluctuations in flowrate through a large wetland system can be substantial, 
which means that contaminant removal is not adequately quantified using 
concentration data alone.  Thus, to account for the effects of such fluctuations, an 
alternative model equation is derived that incorporates the average change in flow 
through a wetland system.   
The mass balance for a plug flow reactor is (Levenspiel, 1972) 
( ) ( )dVrdLLL −++= (3.12)













The mass balance equation becomes 
rdVdXL −=0  



































Rearranging for k: 
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( ) ( )
( ) ( )









































Rearranging for X gives 
( )τkX −−= exp1 (3.14) 





















Equation 4.14 is essentially the same as Equation 2.5 (excluding the background 
concentration term), but incorporates a residence time determined by outflow and an 
additional factor that accounts for net change in flowrate.  Assuming that wetland free-
water surface depth is constant, a model equation incorporating an areal removal rate 
constant similar to Equation 2.6 may also be derived by using an areal contaminant 
removal rate in place of r.  The plug flow mass balance equation (3.12) becomes 
( ) ( ) sA dArdLLL −++= (3.16) 
( )
area surface (reactor) wetland








Incorporating fractional contaminant removal X, the mass balance equation becomes 
dArdXL A−=0 (3.17) 
An expression for areal removal rate constant kA (m/d) may be obtained by integrating 













(m/d) outlet the at rate loadinghydraulic  where =q  
Thus contaminant removal becomes a function of hydraulic loading as opposed to 
hydraulic residence time.  The model equation then becomes 
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Due to the fact that only the influent to the first wetland cell and the effluent from the 
second wetland cell was monitored, the two cells had to be lumped together for data 
fitting.  Levenspiel (1972) showed that plug flow reactors in series could be modelled 
as one large reactor.  This, however, raises difficulties related to the difference in the 
physical characteristics of the two cells, including the free-water surface depth and the 
vegetation cover.  Firstly, the substitution of area for volume in the mass balance 
equation (Equation 3.16) becomes unfeasible due to the fact that the ratio of volume to 
area is not constant between the two cells.  Secondly, the differing vegetation growth of 
the two wetland cells would cause notable spatial variation in removal rate, which 
affects the integration of the mass balance equation.  However, in the same manner as 
the ponds were modelled, the two wetland cells are considered as a ‘black box’ unit 
governed only by inlet/outlet conditions rather than internal variables.  Hence, the 
difference in the volume to area ratio between the cells becomes a formality and may 
be considered to be zero.  The change in removal rate between the two cells may be 
considered to be effectively ‘smoothed over’ by the black box assumption as the model 
equation is used to determine net apparent removal through the whole wetland system 
rather than the incremental changes. 
The key underlying assumptions of the model are as follows: 
• Steady state conditions 
• System is closed to dispersion 
• Flowrate augmentation is constant over the whole wetland system 
• Removal rate constant k is a net value that accounts for removal and return 
rates within the wetland system 
• Contaminant losses by leaching are part of the removal process, or equal to 
zero 
Pollutant concentration data were fitted to the volumetric and areal model equations to 
determine removal rate constants k and kA.  Individual k and kA values were then 
determined by applying the model equation directly to inlet and outlet concentrations 
for each sampling event.  These were plotted against temperature for the purpose of 
fitting the Arrhenius temperature correction curve to determine temperature-adjusted 
removal rate constants (k20 and kA,20) and temperature coefficients (θ).   The results of 
the data fitting, including determination coefficients, are given in Table 3.13. 
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Table 3.13  Wetlands system model parameters. 
Parameter Model equation Arrhenius equation 
 k (d-1) kA (m/d) R2 k20 (d-1) kA,20 (d-1) θ R2 
TS 0.0024 0.0015 -0.29 0.0019 0.0012 0.967 0.85 
TSS 0.0094 0.0057 -0.19 0.0074 0.0045 0.977 0.34 
TDS 0.0014 0.0008 0.82 0.0013 0.0008 0.990 0.24 
COD 0.0063 0.0038 -4.36 0.0040 0.0025 0.952 0.75 
BOD5 0.0054 0.0033 0.66 0.0061 0.0037 1.014 0.07 
TKN 0.0059 0.0036 0.91 0.0060 0.0037 1.000 0.00 
NH3-N 0.0066 0.0040 0.47 0.0067 0.0041 1.004 0.02 
Organic-N 0.0048 0.0029 0.83 0.0044 0.0027 0.985 0.10 
TP 0.0025 0.0015 -0.34 0.0025 0.0015 1.002 0.00 
DRP 0.0029 0.0018 -0.32 0.0030 0.0019 1.012 0.06 
 
Data fits to the wetlands model equation were more successful than the pond model 
fits, producing coefficients of determination greater than 0.8 for TDS, TKN and organic 
N.  However, the model equation was not adaptable to the data for TS, TSS, COD, TP 
and DRP.  Plotting temperature against individual removal rate constants produced 
significant correlations for TS and COD only (see Figure 3.12).  The relationship 
between removal and temperature for these two parameters was negative (as denoted 
by sub-unity temperature coefficients).  This is consistent with the findings of Kadlec 
and Reddy (2001) who calculated temperature coefficients below unity for BOD5.   
While the closeness of fit was relatively poor, the shape of the curve for TSS (Figure 
3.12) indicates a similar negative relationship.  This could be related to increased algal 
growth in warmer temperatures.   The poor correlation between removal rate constants 
and temperature for nitrogen contradicts common inferences that nitrogen removal is 
temperature dependent.  In the case of TKN and NH3-N, this could be related to the 
use of apparent removal observations that do not account for the individual losses and 
contributions caused by transformations between N species (Kadlec and Knight, 1996).  
Otherwise, more rigorous sampling could prove to reduce data scatter and provide a 
clearer indication of the influence of temperature.  Phosphorus removal was not 
anticipated to be related to temperature, as the processes involved are not considered 
to be temperature dependent. 
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Figure 3.12  Relationship between temperature and removal rate in the wetlands treatment stage: (a) 
solids; (b) chemical oxygen demand. 
3.5.5  Creek Water Quality Monitoring 
Monitoring of the receiving creek revealed a clear and consistent pattern of elevated 
pollutant concentrations downstream of the effluent discharge point, which, for some 
parameters could be directly related to the effluent loading.  Similar contamination was 
evident in the limited data from creek water analysis conducted in 1996 and 1999.  
Downstream concentrations were consistently higher than default and reference trigger 
values determined according to ANZECC and ARMCANZ (2000a).  A summary of the 
data is presented in Table 3.14 and the raw data may be viewed in Appendix D.  The 
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Table 3.14  Mean creek water quality parameter concentrations and significance of non-parametric 
comparison of upstream and downstream sample means.  Standard deviation is given in parentheses. 
Parameter n Mean concentration Two-tailed significance 
  Upstream Downstream p < 
Temperature (°C) 6 14.6 (6.0) 14.4 (6.0) NS 
pH 6 7.06 (0.19) 7.00 (0.20) NS 
TS (mg/L) 4 522 (23) 572 (54) 0.10 
TSS (mg/L) 5 9 (10) 37 (13) 0.05 
TDS (mg/L) 4 511 (20) 534 (42) NS 
EC (dS/cm) 5 0.82 (0.14) 0.87 (0.20) NS 
COD (mg/L) 5 38 (20) 76 (15) 0.05 
BOD5 (mg/L) 6 6 (5) 11 (9) 0.05 
TKN (mg/L) 5 0.82 (0.68) 4.13 (0.27) 0.05 
NH3-N (mg/L) 5 0.04 (0.02) 2.21 (0.50) 0.05 
Organic-N (mg/L) 5 0.78 (0.68) 1.92 (0.44) 0.05 
NO3-N (mg/L) 3 0.00 (0.00) 0.18 (0.30) NS 
TP (mg/L) 5 0.06 (0.03) 1.55 (0.26) 0.05 
DRP (mg/L) 5 0.02 (0.02) 1.11 (0.17) 0.05 
 NS denotes difference between untreated and treated sample means is not significant at the 10% 
level 
3.5.5.1 Temperature, pH and conductivity 
Effluent disposal had virtually no impact on creek water temperature and pH, with 
upstream and downstream means being very similar (Table 3.14).  Figure 3.13 shows 
that downstream pH levels were within, or very close to the acceptable range defined 
by default and reference trigger values.  Conductivity levels (also shown in Figure 3.13) 
show a slight increase downstream on all sampling occasions, although the changes 
were not statistically significant.  The median EC level (0.77 dS/m) was within the low-
risk trigger range defined by the upstream reference data, and all EC levels were below 
the absolute upper limit for natural freshwater bodies of 1.5 dS/m (ANZECC, 1992).  
However, both upstream and downstream levels were much higher than default trigger 
values given for upland (>150 m elevation) rivers (Figure 3.13), indicating that the 
creek is already significantly degraded before it receives the effluent discharge.  
Despite the relatively inconsequential magnitude of the changes in EC below the 
discharge point, there was a reasonable correlation between the salinity loading of the 
effluent from the treatment system and downstream EC levels (see Figure 3.14). 
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Upstream reference trigger range
Default trigger range
(ANZECC & ARMCANZ, 2000a)
 
Figure 3.13  Creek water quality parameters (a) temperature, (b) pH, (c) electrical conductivity. 
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Figure 3.14  Effluent discharge salinity loading versus 
change in EC levels from upstream to downstream of the 
effluent discharge point. 
113 
Evaluation Farm 1 
3.5.5.2 Solids 
Total and suspended solids concentrations were noticeably affected by effluent 
disposal (see Figure 3.15), showing significant increases  (p < 0.05) downstream of the 
discharge point (Table 3.14).  Similar increases in TSS concentrations were observed 
in 1996, although the lack of change in TSS levels observed in 1999 throws into 
question any suggestion of a continuing pattern of contamination.  While the fraction of 
TSS (of TS) changed significantly from 1.9% to 6.5%, this had little bearing on the total 
solids concentration of the water, which is telling of the dominance of the dissolved 
fraction of solids in the creek water.  Changes in TDS concentrations were not 
statistically significant.  The ratio of TDS to EC both upstream and downstream of the 
discharge point (668 and 679, respectively) was very close to the value of 670 that is 
widely used for extrapolation of one data form to the other (ANZECC, 1992).  The 
consistency between upstream and downstream ratios would indicate that dissolved 
salts are the main contributor to the rise in TDS levels as opposed to dissolved organic 
compounds.  Median downstream concentrations for TS, TSS and TDS (585, 25 and 
543 mg/L, respectively) were above upper reference trigger values (Figure 3.15), 
indicating that the creek water quality is indeed at risk from the effluent discharge.  
Default trigger values for solids are not given in the Guidelines.  Regression analysis 
revealed significant relationships between effluent TS and TDS loading and 
downstream TS and TDS concentrations, respectively (see Figure 3.16).  
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Figure 3.15  Creek water solids concentrations: (a) total solids; (b) total suspended solids; 
(c) total dissolved solids. 




























Figure 3.16  Effluent discharge solids loading versus 
change in solids concentrations from upstream to 
downstream of the effluent discharge point. 
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3.5.5.3 BOD5 and COD 
Increases in oxygen demand characteristics of the creek water downstream of the 
discharge were substantial (see Figure 3.17) and were statistically significant at the 5% 
level (Table 3.14).  BOD5 and COD concentrations were similarly affected in 1999, but 
in 1996 the change in BOD5 appeared to be less dramatic.   The median downstream 
COD concentration of the pooled data (71 mg/L) was above the reference trigger limit; 
however the same was not the case for the median downstream concentration of BOD5 
(9 mg/L).   Evidently recalcitrant organic material poses a greater threat to instream 
water quality than dissolved organic material.  No default trigger values are given for 
COD or BOD5 in the Guidelines and regression analysis did not find significant 
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Figure 3.17  Creek water oxygen demand: (a) chemical oxygen demand, (b) biochemical oxygen demand. 
3.5.5.4 Nitrogen 
The greatest impacts on creek water quality associated with effluent disposal were the 
changes to nutrient levels downstream of the discharge point.  TKN, ammonia and 
organic N concentrations (data presented in Figure 3.18) all increased significantly (p < 
0.05) downstream of the discharge.  Ammonia concentrations exhibited the most 
dramatic increases downstream of the discharge, rising by over a factor of 100 on one 
occasion.  The fractional contribution of ammonia to TKN concentrations also 
increased significantly.  Similar downstream contamination was evident in 1996.  The 
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median downstream NH3-N concentration of the pooled data (1.87 mg N/L) far exceeds 
both the 90th percentile upstream reference trigger (0.14 mg N/L) and the default trigger 
(0.013 mg N/L) (see Figure 3.18). In fact, the median upstream concentration (0.04 mg 












































































































Upstream reference trigger value
Default trigger value
(ANZECC & ARMCANZ, 2000a)
 
Figure 3.18  Creek water nitrogen concentrations: (a) total kjeldhal nitrogen; (b) ammonia nitrogen; (c) 
organic nitrogen.  Note the default trigger value given on graph (a) is total nitrogen (TN) not TKN.  
Trigger values on graph (b) are to be read from the ‘upstream’ axis. 
The median upstream TKN concentration was also higher than the default trigger value 
for total nitrogen (TN) given by ANZECC & ARMCANZ (2000a), again indicating that 
the creek is relatively degraded, probably due to other farming activities further 
upstream.  Nonetheless, both the median downstream concentrations of TKN and 
organic N (3.95 and 2.03 mg N/L, respectively) were higher than the respective 
upstream 90th percentile and many times greater than the Guideline limit for TN in 
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natural waters (0.25 mg N/L).  Plots of effluent TKN and NH3-N loading against 
changes in respective creek TKN and NH3-N concentrations (Figure 3.19) indicate 
some degree of correlation between the discharge from the treatment system and 
nitrogen contamination of the creek. 
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Figure 3.19  Effluent discharge nitrogen loading versus 
change in nitrogen concentrations from upstream to 
downstream of the effluent discharge point. 
3.5.5.5 Phosphorus 
Phosphorus concentrations were also significantly impacted by the effluent discharge 
(see Figure 3.20).  Mean downstream concentrations for TP and DRP were 
significantly higher (p < 0.05) than mean upstream concentrations by factors of over 25 
and 60, respectively.  Phosphorus contamination was evident in the months following 
the commissioning of the system in 1996 and again in 1999.  Interestingly the change 
in mean TP concentration from upstream to downstream was not as marked in 1996, 
which was probably related to the lower effluent concentration and discharge load 
produced by the system before it became P-saturated.  Again upstream concentrations 
were above ANZECC & ARMCANZ (2000a) default trigger values, indicating the poor 
health of the creek.  Median downstream concentrations for TP (1.42 mg P/L) and DRP 
(1.11 mg P/L) were way in excess of both default and reference trigger values. Data 
regression produced a discernible albeit poor correlation between the TP load from the 
effluent discharge and changes in creek TP concentrations (see Figure 3.21). 
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Upstream reference trigger value
 
Figure 3.20  Creek phosphorus concentrations: (a) total phosphorus, (b) dissolved reactive 
phosphorus.  Trigger values are to be read from ‘upstream’ axes. 
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Figure 3.21  Effluent discharge total phosphorus loading 
versus change in total phosphorus concentrations from 
upstream to downstream of the effluent discharge point. 
3.6 DISCUSSION 
The results from the effluent quality monitoring and the pollutant budget calculations 
have shown that the treatment system is achieving significant reductions in both 
pollutant concentrations and pollutant loads.  The system is most effective at removing 
solids and organic material from the waste stream, but it is also capable of a moderate 
degree of nutrient removal.  The ponds facilitate sedimentation and remove a large 
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fraction of readily degradable material (dissolved and particulate) to effectively reduce 
the solids and organic loading of the wastewater. The wetlands provide further 
sedimentation and degradation of organic matter, but they also promote adsorption and 
precipitation reactions to reduce concentrations of dissolved ionic species, including 
phosphates. Additionally, refractory organic material is gradually broken down in the 
wetlands, which lowers COD but contributes to BOD5.  While the results show that 
contaminant removal processes typically associated with natural treatment systems are 
working to a degree, the system is not performing its intended function; that is, to 
reduce the pollutant load of the wastewater to allow off-site disposal into the creek 
without significant adverse impacts.  Moreover, it is evident from comparisons with the 
data from the 1996 monitoring program that the performance of the system is not 
meeting its full potential. 
3.6.1 Performance Appraisal 
The performance of the two-stage pond component of the system is best characterised 
in terms of changes in wastewater organic loading.  Effluent BOD5 concentration data 
were consistent with data from two-pond systems treating dairy waste in New Zealand 
reported by Hickey et al. (1989), and Sukias et al. (2001).  Given that the loading and 
design of the ponds is very similar to New Zealand systems, this would imply that the 
ponds are performing reasonably well.  The average COD:BOD5 ratio of the 
wastewater increased from 4.4 to 9.9 through the ponds indicating active digestion of 
readily available organic material.  In addition, the effluent ratio COD:BOD5 was very 
close to values reported by Sukias et al. (2001), suggesting that sustained exertion of 
oxygen demand by refractory organic compounds is common amongst two-pond 
systems treating dairy shed waste.   
However BOD5 and COD removal efficiency (86% and 71% by mass, respectively) did 
appear to be lower than could otherwise be expected from a two-stage pond system.  
Other studies of pond systems treating dairy shed waste have reported removals of 
above 90% for both parameters, even where only one pond is used (see Table B.1, 
Appendix B).  Also, the reduction in the COD:TS ratio through the ponds (1.04 to 0.64) 
was relatively small compared with reductions of 1.15 to 0.40  and 1.15 to 0.26 
observed by Sweeten et al. (1994) in two similar anaerobic-facultative pond systems 
treating dairy shed waste in Texas, USA.  Such signs of impaired performance suggest 
that the digestion activity of the ponds may in fact be inhibited.  Low digestion activity 
would primarily be attributable to the large surface-area-to-volume ratio of the 
anaerobic pond (necessitated by the shallow depth to bedrock), which promotes 
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surface reaeration and thus limits the potential active anaerobic zone.  This problem is 
further exacerbated by the effects of dilution and sludge accumulation, which are 
discussed below. 
A key factor inhibiting the performance of the ponds is the intrusion of relatively clean 
water from the plate cooler overflow into the waste treatment system.  This additional 
inflow is causing significant dilution of the supernatant, which effectively dampens the 
digestion processes occurring in the anaerobic pond, and also reduces hydraulic 
residence times.  The assumption was made in the calculations that the overflow water 
enters the ponds uncontaminated.  This is not an accurate representation of the reality, 
as the overflow water is inevitably contaminated when it comes in contact with 
accumulated sludge as it passes through the solids trap.  This means that the ponds 
may in fact be receiving (slightly) greater pollutant loadings than the results of the 
pollutant budget indicate, and hence achieving marginally better pollutant removal than 
reported.  The overall effects of the added water are nonetheless detrimental to the 
performance of the system.  Moreover, to allow this sizeable water source to become 
part of the waste stream is not only inefficient waste management practice, but also 
amounts to a loss of a valuable resource, particularly in times of water scarcity.   
A second, and perhaps more influential hindrance to the performance of the ponds is 
the accumulation of sludge in the anaerobic pond.  A cursory measurement revealed 
that the sludge blanket is approximately 1.5 m deep, leaving only the top 1.2 m 
available for the supernatant (free-water).  The accumulation of sludge in the primary 
anaerobic stage reduces both the effective hydraulic residence time and the size of the 
active treatment zone, resulting in lower treatment efficiency and an increasesd load to 
the secondary pond.  The effects of sludge accumulation were demonstrated by Sukias 
et al (2001) who found that free-water depth in anaerobic ponds was negatively 
correlated to effluent BOD5, SS, volatile solids, TKN, TN, conductivity and turbidity 
concentrations in two-stage pond systems treating dairy shed waste.   Based on these 
findings they recommended anaerobic ponds be desludged before accumulations 
occupy 50% of the water depth.   At 55% of the pond depth, current sludge 
accumulations in the anaerobic pond are highly likely to be interfering with the ponds’ 
primary function of reducing the solids and organic loading of the wastewater. 
Accumulation of sludge also corresponds to the formation of a large reservoir of 
nutrients that can potentially lower nutrient removal efficiency by contributing to the 
supernatant nutrient load.  In this case, effluent N and P concentrations were higher 
than observed in similar two-pond systems in New Zealand (Hickey et al., 1989; 
121 
Evaluation Farm 1 
Longhurst et al., 2000; Sukias et al., 2001), and reductions were lower than typically 
anticipated for stabilisation ponds (Loehr, 1984; Reed et al., 1995; NSW Agriculture, 
1999; Longhurst et al., 2000).  The pollutant budget revealed that effluent loading of TP 
was higher than influent loading, which would suggest that accumulated P stored in the 
sludge is contributing to the net loading of the pond system.  Under the anaerobic (low 
redox) conditions, and mildly alkaline pH, Fe- and Al-bound inorganic P is prone to 
desorption from deposited sediments (Gómez et al., 2000; Ortuño et al., 2000).  It is 
also possible that anoxic conditions and the absence of nitrate at depth (including in 
the sludge) is causing phosphate accumulating organisms (PAO) to assimilate volatile 
fatty acids and other readily degradable material and release phosphates in the 
process (Stensel and Barnard, 1992; Shipin et al., 2000).  Lastly, microbial activity is 
also likely to cause inorganic P release by mineralising organic P in suspended matter 
and in the sludge (Ortuño et al., 2000).  The combined effect of these P release 
mechanisms contributes soluble P to the supernatant, thereby causing a net export of 
DRP and TP.   
Observed increases in NH3-N concentrations and effluent load through the ponds could 
also be caused by contributions from mineralisation of organic N in the sludge (Reed et 
al., 1995).  This, however, is harder to verify as the rapid kinetic rate of ammonification 
of influent organic N relative to ammonia loss mechanisms can cause accumulation of 
ammonia, particularly where oxygen available for nitrification is limited.  Also, unlike in 
the case of P, there was no apparent increase in total N load through the ponds to 
suggest that NH3-N is coming from a source other than the influent.  Regardless, the 
build-up of sludge in the anaerobic pond and the resulting elevated pollutant loads 
entering the facultative pond is undermining the performance of the system. 
While decreasing depth and residence time is lowering treatment efficiency in the 
stabilisation ponds, the unusually high free water surface depth of the two wetland cells 
may be impeding their performance.  Despite the large surface area of the combined 
cells, the wetlands are achieving only moderate reductions in oxygen demand and 
nutrient loads.  Typical plug flow models of treatment wetlands are founded upon the 
principle that the performance of wetlands is a function of hydraulic loading rather than 
residence time.  Hence depth is considered to have no direct influence on treatment 
efficiency.  The exaggerated depth of the wetland cells in this study, however, may in 
fact be hindering treatment efficiency by promoting stratification and the formation of 
anaerobic conditions at depth.  Anaerobic conditions would primarily reduce the 
destruction of organic matter by oxidation and prevent nitrification of ammonia.  
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Additionally, the reducing environment established under anaerobic conditions would 
promote P desorption from soil base and the sediment layer (Reddy et al., 1998).   
Low P removal in the wetlands, however, would primarily be related to the increasing 
saturation of soil and sediment sorption sites.  The elevated P loading of the influent 
wastewater is resulting in the build-up and net export of P from the anaerobic pond 
mentioned earlier, which in turn is applying a heavy P loading to the wetlands system.  
This has resulted in the incremental saturation of P sorption sites within the wetland 
cells and a rapid decline in P removal efficiency evidenced by continuous increases in 
effluent concentrations since early 1996.  Meanwhile N removal through the wetlands is 
most likely to occur via nitrification/denitrification (Kadlec and Knight, 1996).  Small 
concentrations of nitrate were detected on the limited occasions the analysis was 
performed suggesting that nitrification was probably an intermediary step in N removal 
(Silva et al., 1995).  There appeared to be no direct correlation between reductions in 
NH3-N and increases in NO3-N suggesting that denitrification was indeed active 
(assuming relatively small losses by volatilisation).  N removal, however, remained 
limited probably due to inhibition of nitrification by exertion of carbonaceous oxygen 
demand where the activity of heterotrophic bacteria suppresses nitrifying bacteria in 
competition for dissolved oxygen  (Senzia et al., 2002).   
The proliferation of algae in the aerobic pond and the wetlands is also contributing to 
the declining performance of the system.  While algal growth is an essential active 
component of a properly functioning aerobic/facultative pond (Metcalf & Eddy, 1991; 
Reed et al., 1995), associated increases in sediment and organic loads to the first 
wetland cell are likely to promote anaerobiosis (particularly at depth), resulting in 
impaired performance by lowering the oxidation capacity and increasing P solubility 
and diffusion from the sediment (Gale and Reddy, 1995).  The lack of vegetation in the 
second wetland cell exacerbates the problem as it allows unrestricted proliferation of 
algae, thereby increasing the sediment and organic load of the effluent discharged to 
the creek.  A second problem related to the lack of vegetation in the second cell is the 
reduced capacity for attached growth biological treatment that is facilitated by the 
presence of vegetation stands.  Without ample contact area to support a reactive 
biofilm, the wetland effectively becomes a simple aerobic pond with fewer nutrient 
cycling pathways, and thus has reduced scope for effluent polishing. 
Deficient vegetation and consequent contributions from algal growth in the second cell 
would also be the two main reasons for the modest BOD5 removal (around 50%) 
observed in the wetlands.   BOD5 removal efficiency is further hampered by the release 
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of slowly degradable organic material (of which a fraction may come from dead algal 
biomass) to the BOD5 pool.  Sukias et al. (2001) found that slowly degradable organic 
matter (COD) remaining in effluent from anaerobic ponds treating dairy shed waste 
caused sustained exertion of oxygen demand under aerobic conditions in facultative 
ponds.  The same process is likely to occur under the predominantly aerobic conditions 
of the wetlands, particularly so given that most of the readily degradable material has 
already been consumed in the ponds.  The continuous exertion of oxygen demand 
would also contribute to the inhibition of nitrogen removal by nitrification mentioned 
earlier.  Although on the other hand, the persistence of the organic material would 
provide ample carbon to support denitrification of nitrate (Reed et al., 1995). 
The final factor that was likely to have undermined the performance of the system, and 
particularly that of the second wetland, was the periodic intrusion of overflows from the 
solids trap into the second wetland cell.  Occasionally the solids trap would be allowed 
to operate when almost completely filled with sludge.  The shock loading that typically 
occurred when wash down was commenced caused the wastewater level in the trap to 
quickly rise above the drive-in entrance of the trap and gradually make its way into the 
second wetland cell by overland flow.  The frequency of such occurrences began to 
increase in mid- to late 2000 when a new screen was installed that, due to its small 
gauge, regularly clogged, resulting in small, but frequent overflows.  By the time the 
wastewater overflow would reach the wetland it would have been subject to significant 
renovation by natural overland flow processes.  Nonetheless, the intrusion of these 
overflows would have contributed additional loading to the wetland system, resulting in 
lower apparent contaminant removals.  
3.6.2 Modelling Outcomes 
Performance modelling and correlation with temperature produced mixed results.  
Application of the flow-adjusted first order complete-mix model to the data from the 
ponds pollutant budget yielded poor data fits, pointing to the need for more intensive 
sampling to accommodate stochastic variation.  Nevertheless, the reaction rate 
constants derived from the data were relatively low when compared with similar 
constants derived for lagoons treating domestic sewage.  The BOD5 removal rate 
constant was in fact below the typical range for waste stabilisation ponds given by 
Metcalf & Eddy (1991), confirming that the activity in the ponds system was somewhat 
limited.  Fitting the individual removal rate constants to the Arrhenius temperature 
adjustment equation showed that most parameters held a positive relationship with 
temperature, confirming that temperature is a key factor in the performance of pond 
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systems that must be given ample consideration in pond design.  Fits for solids and 
organic matter were reasonably strong, but nitrogen and phosphorus correlations were 
less emphatic.  Improved sampling techniques (such as flow-weighted sampling) and 
greater sampling frequency could allow the derivation of more reliable removal rate 
constants that could be applied to similar pond systems within the Southern Highlands 
region.  This would be useful in predicting nutrient loads in effluent to be applied to 
pasture or in designing ponds to be used in effluent recycling systems that depend on 
effective effluent renovation. 
The flow-adjusted first order plug-flow model developed for the wetlands stage 
described the data reasonably well for several parameters including TDS, BOD5, TKN 
and organic N.  Areal removal rate constants were generally lower than values given in 
the literature by an order of magnitude (see Table B.3 in Appendix B) due to the 
omission of the background concentration term (C*) from the model equation.  An 
attempt was made to incorporate C* into the flow-adjusted model; however this 
introduced a second unknown variable to the model, meaning that data fitting requires 
iterative solutions that rely on initial estimates of k and C*.  The equation was found to 
be highly sensitive to initial conditions, preventing systematic determination of k and C*.  
Hence C* was omitted from the alternative plug flow model, thereby limiting the scope 
for comparison of removal rate constants with those from similar studies that have used 
a plug flow model incorporating a background concentration.   
Volumetric removal rate constants, on the other hand, were reasonably consistent with 
literature values that had not accounted for background concentration.  The BOD5 
volumetric rate constant (0.0054 d-1) was particularly close to the k value of 0.0057 d-1 
derived for the modified BOD5 first order plug-flow model proposed by Watson et al. 
(1989), Metcalf and Eddy (1991), Reed et al., (1995), and the USA National Resource 
Conservation Service (Cronk, 1996)  (see equation 2.8).  If the modified BOD5 model 
were to be applied to the wetlands on Farm 1, the level of pretreament afforded by the 
ponds would mean that most of the influent BOD5 would be non-settleable; that is, the 
fraction of BOD5 not removed as suspended solids at the head of the wetlands (A), 
would be close to one.  In addition, the lack of vegetation in the second (and much 
larger) cell would keep the specific area available for microbial activity (Av) fairly low 
and porosity (n) close to unity.  The influence of these three additional parameters thus 
becomes relatively small, meaning that the modified model can be considered 
equivalent to the basic volumetric first order plug-flow model (equation 2.5) and that the 
removal rate constant derived from the present data using the flow-adjusted model is 
directly comparable to that from the modified model.  This provides some degree of 
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verification for the derived BOD5 rate constant, allowing it to be used with confidence in 
predicting future performance of the wetlands.  
Correlations between temperature and wetland removal rate constants were scant, with 
only solids and organic matter removal being related to temperature.  Somewhat 
surprisingly, the correlations were negative (removal declining with increasing 
temperature), implying that stimulation of treatment interferences such as algal growth 
under warm temperatures can outstrip concurrent intensification of wetland treatment 
processes and effectively lower the removal efficiency of the wetlands.  The wetland 
modelling results corroborate with the assertion by Kadlec and Reddy (2001) that the 
‘intuitive’ inference of improved wetland performance with increasing temperature is not 
substantive.  Again it is emphasised that the results of the modelling exercise cannot 
be regarded as definitive, as effluent quality data obtained from periodic grab sampling 
is subject to short-term stochastic variation and changing flow patterns and therefore 
does not provide a true representation of long-term behaviour (Knight et al., 2000; 
Kadlec, 2001).  The significant scatter observed in the data could potentially be 
overcome by undertaking a long-term program of regular, flow-weighted sampling.  
Such rigorous sampling was beyond the scope of this study, but is recommended for 
future modelling work. 
3.6.3 Impacts on Creek Water Quality 
The results of greatest import from this evaluation were those from the creek water 
quality monitoring.  Regardless of the relative performance of the system and its 
individual components, the discharge of effluent from the system releases several 
tonnes of material into the creek per year (including 350 kg of nitrogen and 88 kg of 
phosphorus) causing a dramatic decline in downstream water quality.  Nutrient 
concentrations in particular were observed to increase downstream of the discharge 
point to levels that exceeded hazard risk threshold (trigger) values for natural waters by 
an order of magnitude.  The significance of the observed changes in water quality was 
verified by statistical analysis and comparison with data from previous monitoring.  The 
scale of contamination was gauged by comparison of median downstream 
concentrations with reference and default trigger values in accordance with ANZECC 
and ARMCANZ (2000a).  Finally the link between the effluent disposal and degraded 
downstream water quality was demonstrated using regression analysis of the data.  
The extreme eutrophication caused by the effluent discharge is likely to result in algal 
blooms in slow-moving parts of the creek immediately downstream of the disposal site, 
regardless of the limiting nutrient status of the water.  Given that the Nattai Creek lies 
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EVALUTION OF A DIRECT APPLICATION TO LAND SYSTEM 
The second field research component entailed the evaluation of another CPS pilot 
waste management system, this one based on wastewater reuse by direct application 
to land.  Background information on the farm and the waste management system is 
given in the opening sections of the chapter.  The methodology behind the evaluation, 
including sampling and analysis of wastewater, soil and surface runoff is described in 
Section 4.4.  The results of the various monitoring activities are presented in the 
subsequent section and the implications of the results are examined in the Discussion 
section. 
4.1 BACKGROUND  
The waste management system evaluated in this second part of the study is based on 
the direct application to land waste reuse technique described in Chapter Two.  The 
dairy farm operating the direct land application system (Farm 2) is located 
approximately 6 km west of Moss Vale (refer to Figure 4.1).  Waste is applied to land 
immediately after every wash-down of the dairy shed and yards, regardless of weather 
conditions.  The preferred option of incorporating an effluent storage dam was 
considered impractical due to site constraints including close proximity to a residential 
dwelling, high average annual rainfall, restricted land availability and a shallow depth to 
groundwater.  Hence a direct pump-out system was set up as a demonstration project 
through a verbal agreement with the NSW EPA that permitted wet weather disposal 
(van Owen, 2001).   
Since waste is applied to land in wet weather conditions, it is considered to be a likely 
contributor to diffuse pollution through export of contaminants, particularly nutrients, via 
surface runoff.  Further, because the waste is not treated prior to application, it is 
expected to contain particularly high levels of nitrogen and phosphorus, which may 
exceed agronomic requirements at the given rate of application.  Accumulation of 
nutrients in the soil profile is considered to be a likely end result if this is the case.  The 
objectives of this evaluation were to: 
1. determine the wastewater constituent loading to the land application site; 
2. examine the impacts of wastewater application on soil chemical properties of the 
receiving land; and 
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Figure 4.1  Location of farm site and Sydney Water pluviometers 
4.2 FARM OPERATIONS 
The farm is a pasture-based operation producing milk year-round.  At the time of the 
study, the average size of the milking herd was 120-130 cows.  Each cow produced an 
estimated 6500 L milk per year for a farm total of just over 0.8 ML per year.  Milking is 
conducted twice a day, taking 1½ hours each session.  The milking shed (pictured in 
Plate 4.1) is a typical herringbone set-up and covers an area of 90m2.  The area of the 
holding yard is 300m2.  Most water used in the dairy is extracted from an on-site bore, 
although rainwater collected from the shed roof is used for minor cleaning jobs.   
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Plate 4.1  View of the milking shed from the holding yards.  
The pasture consists mainly of ryegrass with some fescue grass and clover.  Pasture 
improvement is achieved with additions of a 1:1 mix of single superphosphate and urea 
fertilisers at a rate of 250 kg/ha every three months.  Silage harvesting is conducted 
from October to November, after which an additional 125 kg each of muriate potash, 
urea and superphosphate is added per hectare.  Total fertiliser nutrient input amounts 
to approximately 43 kg P/ha-yr, 227 kg N/ha-yr and 62 kg K/ha-yr.  Occasionally 2.5 
tonne/ha of lime is added in the spring for pH adjustment, depending on the condition 
of the soil and pasture.  Fertilisers are not added to pasture receiving effluent.   
Paddocks are grazed by the herd for up to nineteen days at a time over the spring and 
summer with a minimum of four to five nights break between sessions.  In the winter a 
typical grazing session on a paddock may be up to 42 days.  Following effluent 
application, pasture is left ungrazed for at least two weeks.  Pasture is not irrigated, but 
the soil is aerated once a year.   
4.2.1 Previous Soil Testing 
In June 1996, soon after wastewater irrigation had commenced, standard soil tests 
were performed on topsoil (0-10 cm) sampled from various locations around the farm to 
determine fertiliser and other agronomic requirements.  The results generally indicated 
that the soil was moderately acidic and contained low to moderate levels of 
phosphorus.  Management strategies including lime treatment and addition of nitrogen 
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and phosphorus fertilisers were recommended.  Reports on soil test results for the two 
paddocks relevant to this study are given in Appendix H. 
4.3 WASTE MANAGEMENT 
The waste stream is generated by the wash down of the shed and holding yard and 
cleaning of the milking equipment.  The yard and shed are washed down manually with 
a hose fed by recycled spent plate cooler water at approximately 100L/min.  Hosing of 
the shed and yards normally takes just over 20 minutes to complete.  The milking 
equipment is cleaned with 160 L of water containing 200 mL of Multi Temp acid 
sanitiser and 200 mL Avoid alkaline detergent.  The chemical make-up of the acid 
sanitiser is given in Table 4.1.   
Table 4.1  Chemical composition of Multi-temp acid 
sanitiser used in the milking equipment wash water 
on Farm 2. 
Active constituent Concentration (g/L) 
Orthophosphoric acid 360 
Benzalkonium chloride 110 
Sulfuric acid 70 
Sulphamic acid 25 
 
The mixed waste stream drains to a 2.5-m3 sump beside the dairy, which is usually 
completely filled with wastewater by the end of each wash down.  The main 
constituents of the wastewater are manure and urine.  Cleaning agents and milk from 
cleaning the milking equipment are also present, along with minor quantities of feed, 
grass and soil imported to the dairy by the herd.  Total wastewater production at the 
time of the study was estimated to be 2250 L per wash down or 4500 L per day.  
Rainwater collected on the yards is not diverted from the wastewater collection system, 
which can sometimes cause the sump to overflow during wash down in wet weather.   
The raw wastewater is reused on the farm by applying it directly to land as a fertiliser 
substitute using a ‘sump-pump’ direct application to land system that was installed in 
1995.  A schematic of the system is given in Figure 4.2.  The main components of the 
system are described below. 
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Figure 4.2  Schematic of direct application to land waste management system.  Disposal area B has not 
been used due to the construction of a feed pad on the site.  Disposal area A has received the large 
majority effluent applications over the lifetime of the system. 
4.3.1 Wastewater Conveyance 
Upon completion of the wash-down, the raw wastewater is pumped from the collection 
sump to a travelling irrigator that sprays the waste onto a designated effluent 
application paddock.  The wastewater pump (pictured in Plate 4.2) is a 7.5-kW Reeve 
liquid effluent pump designed specifically to handle the high solids load of untreated 
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dairy shed wastewater.  Operation of the pump is controlled manually by a switch in the 
dairy and is initiated by the farmer once the wash-down is finished.   
 
Plate 4.2  Wastewater collection sump and conveyance pump. 
The irrigator (pictured in Plate 4.3) is also purpose-built, with a 51-mm diameter feed 
hose and large nozzle openings that allow for conveyance and discharge of the 
entrained solids.  Blockages of the irrigator nozzles by larger objects such as stones 
are the main operational problem with the system and occur on an average once a 
month.  Occasional pump maintenance is also required.   
4.3.2 Land Application 
Two paddocks were originally identified as designated application areas; one as the 
main dry weather site (disposal area A in Figure 4.2) and a second site on higher 
ground for application during periods of wet weather (disposal area B).  However, 
disposal site A had received the majority of applied wastewater over the 5 years of 
operation due to the construction of a feed pad on the alternative site.  The area of the 
main application site is approximately 5 ha, of which about 90% (4.5 ha) actually 
received effluent on account of the limited manoeuvrability of the irrigator.  The actual 
land area receiving wastewater will herein be referred to as the irrigated area.  The 
irrigator moves approximately 4 m every pump-out of the sump (8 m per day) and the 
spray of the irrigator extends over a radius of approximately 11 m.   
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Plate 4.3  Travelling irrigator applying raw dairy shed waste to land. 
4.4 METHODOLOGY 
The evaluation of the direct application to land system consisted of three components: 
1. Wastewater characterisation to determine organic, nutrient and salt loading 
rates to the receiving soil 
2. Soil analysis to identify changes in soil chemical properties resulting from 
continuous effluent application 
3. Surface runoff water quality monitoring to determine whether application of 
effluent is resulting in pollutant export 
 
Components 2 and 3 were based upon the comparison between monitoring data from 
a waste application site and a similar site that had not received wastewater 
applications.  In order to obtain true field data, the two paddocks were managed as per 
normal farm operation.  Hence the waste application site was grazed periodically in 
sections (according to the current and recent movements of the irrigator) and was not 
fertilised, while the untreated paddock was grazed as part of the normal farm rotation 
and fertilised at the regular rate.  Silage was harvested from both paddocks in the 
growing seasons and both were aerated on one occasion during the study period.  The 
fundamental basis for comparison was therefore to investigate differences in soil 
properties and surface runoff water quality between dairy pasture fertilised and grazed 
in a typical fashion, and dairy pasture that receives direct applications of effluent in 
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place of fertiliser and is accordingly grazed in a restricted manner.  The selection of the 
field monitoring sites and the methods employed for each component of the evaluation 
are described below. 
4.4.1 Site Selection 
Disposal area A was selected as the waste application site (herein referred to as the 
treated site) for its history of prolonged wastewater application - approximately five 
years at the commencement of the study - and the minimal disruption caused to farm 
operations by its continued use as the waste application site over the study period.  
The site lies on gently sloping terrain and is bordered on the northern and western 
edges by surface drains that convey surface runoff from the paddock off-site.  The soil 
contains a significant clay fraction that was considered to increase the potential for 
surface runoff generation.   
Adjacent to the effluent application site is a paddock of similar size, topography and soil 
type that, prior to the study, had not received effluent applications.  This paddock was 
selected as the untreated site that would provide baseline data for the evaluation.  
Located at the north-western corner of the untreated site is a farm dam, which is fed by 
surface runoff from the surrounding land and water from a drainage canal that runs 
directly through the dam.  A plan view of the two sites is given in Figure 4.3. 
4.4.2 Wastewater Characterisation 
To determine the characteristics of the applied wastewater, samples were collected for 
analysis of standard wastewater parameters including pH, electrical conductivity (EC), 
biochemical oxygen demand (BOD5), chemical oxygen demand (COD), total solids 
(TS), total volatile solids (TVS), total kjeldhal nitrogen (TKN), ammonia (NH3-N) and 
total phosphorus (TP).  Samples were collected at the point of application after morning 
milking sessions on 14 August 2000, and 14 May, 9 July, 8 August and 5 September 
2001.  Composite samples of the entire waste stream were captured in a bucket placed 
beneath the spray discharging from the irrigator for the duration of each application.  
The contents of the bucket were mixed before being transferred to two 1-L 
polyethylene bottles and placed in an iced cooler for transport to the laboratory.  H2SO4 
was added to one of the sample bottles to allow for delayed analysis of TKN, NH3-N 
and TP.  Analyses for all parameters except COD were conducted according to 
procedures adopted from APHA (1998) using the same analytical equipment 
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mentioned in Section 3.4.1.  COD analysis followed the method outlined in Hach (1994) 




Runoff collection sump 
 
Figure 4.3  Field monitoring sites.  Site boundaries and positions of runoff collection sumps are 
approximate only. 
4.4.2.1 Wastewater loading and land application rates 
The hydraulic loading rate was determined by dividing the average daily wastewater 
flow by the actual weekly areal irrigator spray coverage.  Daily wastewater organic 
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loading was calculated by multiplying the mean BOD5 concentration of the wastewater 
by the flow rate.  This figure was then divided by the irrigated area of the treated 
paddock to determine the daily organic loading rate.  Similarly, yearly nutrient loading 
rates for nitrogen and phosphorus were calculated from wastewater TKN and TP 
concentrations, projected yearly water use and the irrigated area.  Salt loading is 
equivalent to the conductivity of the wastewater (as per NSW Agriculture, 1999). 
4.4.3 Soil Analysis 
To determine the impacts of long-term application of dairy shed wastewater on the 
chemical properties of the receiving soil, a set of samples was collected from both the 
treated and untreated sites for laboratory analysis.  The results from each site were 
compared by statistical analysis to identify significant differences in soil test parameters 
between the two sites. 
4.4.3.1 Sample collection 
Soil samples were collected on 15 December 2000 according to a systematic sampling 
design for multi-stage sampling units (Brown, 1999).  Soil cores were extracted down 
the profile to 0.9 m at four points along a transect dissecting the length of each 
paddock (untreated and treated sites).  Sub-sample cores were defined according to 
six depth bands that fit within the visible soil horizon boundaries as depicted in Figure 
4.4. 
Typically, surface soil samples for agronomic testing are extracted from the top 7.5-10 
cm.  However phosphorus is known to be more highly concentrated in the upper few 
centimetres of soil under permanent pasture (Haygarth, 1997).  Hence a surface 
sampling depth of 5 cm was deemed to be more appropriate for detecting changes in 
soil P levels.  Grass was sheared from the soil surface prior to sample removal using a 
shovel and soil was then extracted using a 15-cm hand auger.  Sub-samples were 
mixed in a stainless steel container and a portion (1-1.5 kg) transferred to a sealable 
plastic bag for transport to the laboratory. 
To account for greater spatial variation at the soil surface, four additional surface (0-5 
cm) samples were collected in a grid pattern around each profile sampling location 
using a 5 cm-diameter stainless steel tube corer.  Each of these surface samples 
comprised five composited subsamples or cores again collected in a grid fashion from 
within a 1-m radius around the sampling point.  To ensure samples were representative 
of long-term soil characteristics, cores were extracted from small bare patches of soil 
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(between clumps of pasture) that had no visible signs of recent manure deposits from 
grazing cows.  The numerical breakdown of the sampling design is given in Table 4.2 
and the spatial distribution of the sample units is depicted in Figure 4.5. 
  
Figure 4.4  Soil profile sampling depth bands 
Table 4.2  Soil sampling units 
Number of samples 
Depth, cm 
Untreated site Treated site 
0-5 20 20 
5-15 4 4 
15-30 4 4 
30-50 4 4 
50-70 4 4 
70-90 4 4 
Total 40 40 
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nd 
Surface (0-5 cm) sample of five composited cores 
Profile core comprising 0-5, 5-15, 15-30, 30-50, 50-70, and 70-







Figure 4.5  Soil sampling plan.  Drawing not to scale. 
4.4.3.2 Sample preparation and analysis 
Once all samples were collected, they were transported directly to the laboratory and 
transferred to aluminium trays to dry at room temperature for seven days.  Grass, roots 
and stones were then removed by hand before the samples were reduced in size using 
a stainless steel sample divider for subsequent manual crushing using a large ceramic 
mortar and pestle.  Crushed samples were initially sieved to <2 mm for analysis of pH, 
EC, Bray 1 extractable phosphorus, ammonium and nitrate.  For analysis of 
exchangeable cations, organic matter, total phosphorus (TP) and total Kjeldahl nitrogen 
(TKN), the samples were further reduced by quartering, then crushed and sieved to 
<0.1 mm.  Portions of samples taken for analysis were always taken by quartering.   
Chemical analysis for all parameters except exchangeable cations was performed at 
the University of Wollongong Environmental Engineering Laboratory.  Analyses for 
moisture content, pH (1:5 water) and EC (1:5 water) were conducted using the 
methods described in Rayment and Higginson (1992).  Ammonium analysis was 
performed using a distillation procedure (incorporating a Gerhardt Vapodest distillation 
unit) adapted from Rayment and Higginson (1992) and the phenate determination 
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described in APHA (1995).  TKN digestion and distillation methods were based on 
Rayment and Higginson (1992) and utilised Gerhardt equipment.  A Metrohm 
ammonia-selective electrode was used for TKN determination.  Soil organic matter was 
determined by the loss-on-ignition (LOI) technique described in Nelson and Sommers 
(1996) and Soil and Plant Analysis Council (2000).  The spectrophotometric method 
proposed by Yang et al. (1998) was used for determination of nitrate.   
Available P was analysed using the Bray 1 extraction (with ascorbic acid determination) 
described in Rayment and Higginson (1992).  The Bray 1 test used has been shown to 
be the most effective form of soil P test for acidic pasture soils of Northern NSW 
(Holford, 1997) and was thus considered to be the most appropriate for the soils tested 
in this study.  The analysis procedure for TP was based on the ignition methods 
outlined in Anderson (1976) and Lambert (1982).  While not generally given as a 
standard method in soil analysis handbooks, the ignition technique for TP analysis has 
been used in other studies of manure-treated soils including those by Nair et al. (1995) 
and Gale et al. (2000).  The method was primarily selected because it was the most 
suited to the equipment and hazard management capacity of the University 
laboratories.   
Analysis for exchangeable cations including calcium (Ca), magnesium (Mg), potassium 
(K), sodium (Na) and aluminium (Al), was performed by Pivotest Laboratory, Pivot Ltd 
using the ammonium chloride/barium chloride extraction method described in Amacher 
et al. (1990).  Cation exchange capacity (CEC) was calculated as the sum of 
exchangeable cations.  Strictly speaking the sum of exchangeable cations is effective 
CEC rather than total CEC, however, this approximation tends to be reasonably 
reliable and is widely used in Australia (Kennelly, 2002).  Due to budgetary constraints, 
only half of the total number of sub samples from the untreated site were analysed for 
CEC.  It was assumed that the spatial variation on the untreated site would be less 
than that of the treated site. 
Particle size analysis by laser diffraction was performed using a Mastersizer (Malvern 
Instruments Ltd.).  It was assumed that spatial variation in soil texture would be minimal 
over the area of the treated and untreated paddocks; hence particle size analysis was 
performed on one (only) core profile from each site. 
4.4.3.3 Statistical analysis 
SPSS for Windows release 10.1.0 was used to compare the sample means from the 
treated and untreated sites.  Data sets from each site were categorised by soil test 
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parameter and sampling depth band and were considered as independent as individual 
samples were not related by a common factor.  On account of the small number of 
subsoil samples, a non-parametric method was deemed to represent a more powerful 
comparative test (Daniel, 1990; Walpole and Myers, 1990; Pallant, 2001).  Hence the 
two-tailed Mann-Whitney test for independent samples was applied to the data.  
Sample distributions were considered significantly different where p < 0.1. 
4.4.3.4 Comparison with available soil test data 
To obtain an indication of changes in soil chemical properties over time, the results 
from the soil analyses were compared with the soil test data from 1996 (Appendix H).  
The 1996 soil tests were conducted on composited sub-samples of the top 10 cm of 
the profile (0-10 cm) from both the untreated and treated sites, among others.  No 
records of the sampling technique were available, however Reme Soilmaster (the 
company responsible for the analyses) requires the collection of at least 20 sub-
samples to form a composite sample for agronomic soil testing (Jones, 2002).  The 
alternate soil sampling depth bands selected for the present study preclude direct 
comparison of soil analysis results with those from 1996.  Nevertheless, inferences can 
be drawn from the comparison of the 1996 data with the ranges given by the sample 
means for the 0-5 and 5-15 cm depths.   
4.4.4 Surface Runoff Water Quality Monitoring 
Samples of surface runoff were captured from the treated site for comparison with 
runoff samples from the untreated site to determine differences in water quality 
parameters.  Statistical analysis was performed (SPSS for Windows release 10.1.0) on 
the paired water quality monitoring data to detect significant differences between mean 
contaminant concentrations from the two sites.  Data sets for each water quality 
parameter from the two sites were related by storm event and thus considered as 
matched pairs for the purpose of statistical analysis.  Relationships between nutrient 
and solids concentrations from the two sites and storm event characteristics including 
rainfall (precipitation), duration and intensity were also explored. 
4.4.4.1 Runoff sampling 
Surface runoff from the treated and untreated sites was captured using in-field 
sampling devices (herein referred to as sumps) installed at the drainage point of each 
of the two sites.   The sites were initially surveyed to define the topography of the 
terrain and to determine the point where surface runoff leaves each site - identified as 
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the point of lowest elevation along the site boundary.  Sumps were then installed at the 
low point of each site in order to capture discrete samples from both sites during rainfall 
events large and/or intense enough to generate surface runoff.  The approximate 
locations of the two sumps are shown in Figure 4.3. 
The sumps (depicted in Figure 4.6) comprised a sunken plastic bin with its lid inverted 
to capture water flowing over it.  The lid drained to a series of three 3-L bottles via 19-
mm plastic tubing.  The bottles were arranged such that the runoff would drain into 
each bottle sequentially to give three discrete samples intended to give an indication of 
concentration variability within a storm event.  Upon filling, each bottle was 
automatically sealed by a floating polystyrene ball so as to minimise cross-
contamination.  The inflow was thus forced to the next bottle in sequence via the 
interconnecting tubing.  An overflow outlet allowed excess water to pass through the 
system once all the bottles had been filled. Air was expelled from the bottles during 
filling through 6-mm plastic tubing that was suspended above the sump at one end.  To 
prevent the bins from being disturbed by groundwater movement, lead weights were 
placed in between the bottles inside the bins.  Holes were drilled into the floors and 
walls of the bins to allow for groundwater cross flow and drainage of other uncontrolled 
flow entering the bins.  The bottles were restrained by wire attached to the bin walls to 
prevent them from floating and causing the system to fail.  The sumps were protected 
from direct entry of rainfall and other foreign contaminants such as bird droppings by 
roofing fabricated from steel reinforcing mesh, plywood boards and plastic sheeting.  
The sampling units were designed, fabricated and tested by the author at the University 
of Wollongong Environmental Engineering Laboratory.  Installation at the site took 
place between 25 and 27 July 2000.  An installed sump is pictured in Plate 4.4.  The 
need for sample collection was determined on the basis of communications with the 
farmer regarding the nature of a rainfall event and observed runoff generation.  
Samples were collected from the sumps within 24 hours of a runoff event.  Samples 
were transferred from the sump bottles to 2-L polyethylene bottles on site and placed in 
iced coolers for transport to the laboratory.  Sump bottles and lines were flushed with 
distilled water after runoff samples had been extracted.   
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Figure 4.6  Surface runoff sample collection sump (not to scale). 
  
Plate 4.4  Surface runoff sampling sump installed on the 
treated site. 
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4.4.4.2 Water quality analysis 
Samples were analysed for water quality parameters including EC, TSS, DRP, TP, 
NH3-N, TKN and NO3—N using procedures based on standard methods (APHA, 1998) 
and the same analytical equipment mentioned in Section 3.4.1.  Most analyses were 
conducted within 48 hours except those for TP, NH3-N and TKN, which were conducted 
within seven days on portions of samples preserved with sulfuric acid as per APHA 
(1998).  Fresh and preserved samples were stored below 4°C. 
4.4.4.3 Statistical analysis 
To facilitate comparison of the runoff from the treated and untreated sites, the Wilcoxon 
signed rank test (two-tailed) was applied to the paired sets of water quality data from 
the two sites.  The non-parametric form of analysis was considered more powerful than 
the paired t-test for comparing data gathered from a small number of sampling events 
(Pallant, 2001).   
4.4.4.4 Rainfall data 
Hourly rainfall data were obtained from Sydney Water weather stations 568113, 
568124 and 568183 (refer to Figure 4.1).  The data was matched with sampling event 
dates and correlations with the water quality monitoring results were examined.  A 
discrete rainfall or storm event associated with a given runoff sampling event was 
defined as the longest period of continuous (hourly) rainfall immediately prior to sample 
collection. 
4.5 RESULTS 
The results of the direct land application system evaluation are presented in the 
following three sections.  The raw data from the wastewater, soil and surface runoff 
monitoring are given in Appendices I, J and K, respectively. 
4.5.1 Wastewater Characterisation 
The results of the wastewater characterisation are summarised in Table 4.3 and the 
raw data is given in Appendix I.  Mean pollutant concentrations in the wastewater 
displayed considerable variability typical of dairy shed wastewaters, highlighting the 
importance of repeated sampling over the different seasons for accurate 
characterisation.  When compared with data from previous studies (Table 2.1) the 
concentrations of solids, COD and nutrients (TKN, NH3-N and TP) are particularly high.  
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This may be attributed to the relatively small quantities of water used in the wash-down 
process.  According to the NSW EPA (1995) effluent classification for land application, 
the wastewater is rated as ‘high strength’ and requires stringent discharge controls.  It 
is also relatively saline and could restrict pasture growth (NSW EPA, 1995). 
Table 4.3  Wastewater characteristics.  
Parameter n Mean Range Standard deviation 
Temperature (°C) 4 11.5 10.5 - 12.6 0.9 
pH 4 8.3 8.1 - 8.5 0.1 
EC (dS/m) 5 3.56 1.45 - 4.86 1.35 
COD (mg/L) 4 10986 8260 – 12447 1859 
BOD5 (mg/L)  4 3165 1701 - 4000 1047 
TS (mg/L) 5 12311 9718 – 12111 2750 
TVS (mg/L) 4 6708 3537 - 8306 2158 
TKN (mg N/L) 4 831.3 671.5 - 827.9 213.0 
NH3-N (mg N/L) 4 242.1 90.2 - 246.2 189.3 
TP (mg P/L) 5 95.7 38.4 - 111.9 36.0 
 
The COD:BOD5, VS:TS and COD:TS ratios were 3.47, 0.54 and 0.89 respectively, 
indicating a good degree of degradability.  The pH of the wastewater was the most 
consistent parameter between samples, which would be related to uniformity of 
cleaning agent doses used in the milking equipment.  The wastewater N:P ratio of 8.7 
is unusually high for animal wastes.  This bodes well for the beneficial reuse of the 
effluent as a fertilizer substitute as the ratio is close to crop N:P ratios that typically lie 
between 6:1 and 8:1 (Whalen and Chang, 2001) and is unlikely to result in excessive P 
accessions if application rate is based on crop N requirements.   
4.5.1.1 Wastewater loading and land application rates 
Calculated wastewater constituent loading rates were compared to predicted loadings 
calculated using standard dairy manure characteristics from the US (ASAE, 1991) and 
New Zealand (NZ) (Vanderholm in Wrigley, 1994).  To facilitate calculations of 
predicted loadings, the herd was assumed to consist of 125 animals, each weighing 
500 kg (Curcuruto, 2001), and spending 10% of the day within the confines of the dairy 
(Wrigley, 1994; Longhurst, 2000; Curcuruto, 2001).  Land application rates were 
compared to maximum recommended rates given in the NSW Guidelines for Dairy 
Effluent Resource Management (NSW Agriculture, 1999).  It is assumed that TKN is 
effectively equivalent to total nitrogen as nitrate generally accounts for less than 1% of 
total nitrogen in raw dairy shed waste (Fyfe, 1999; Longhurst, 2000; Silva et al., 1999).  
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Wastewater constituent loads calculated using manure data from NZ were reasonably 
close to those determined from the wastewater characterisation data (see Table 4.4).  
Most calculations using the US standards produced estimates notably different from 
the loadings determined from the wastewater characterisation (over 30%).  Four out of 
the six values estimated from the NZ data were within a 20% margin when compared 
with the mean loads from the waste characterisation data.  This marked difference in 
load estimates from the two manure data sets reveals the potential for error when using 
US standards for estimating wastewater parameters.  NZ dairy farms are operated in a 
similar fashion to most Australian dairies, which would explain the closer estimates 
from the NZ data.  This lends weight to the assertion that where typical manure 
characteristics are to be used for wastewater loading estimates, regionalised data 
should be employed rather than overseas standards. 
Table 4.4  Comparison between wastewater loadings calculated from field waste characterisation 
data and published manure characteristics.  Percentage error related to wastewater loading 
estimates from published manure characteristics are given in parentheses. 
Parameter Wastewater loading, 
field data (kg/d)  
Predicted loading, 
US standards (kg/d) 
Predicted loading, NZ 
data (kg/d) 
BOD5 14.2 10.0 (-30) 12.3 (-14) 
COD 49.4 68.8 (39) 53.8 (9) 
TS 55.4 75.0 (35) 55.0 (-1) 
TVS 30.2 62.5 (107) 40.0 (33) 
TKN 3.7 2.8 (-25) 3.0 (-20) 
NH3-N 1.1 0.5 (-55)   
TP 0.4 0.6 (36) 0.3 (-27) 
 Wastewater flow 4500 L/d. 
The hydraulic loading to the treated paddock (see Table 4.5) was calculated according 
to actual area covered by wastewater in one week and is well below the recommended 
maximum.  Because the irrigator traverses the available area of the paddock several 
times in one year however, the annualised weekly hydraulic application is actually 
higher than the recommended limit at 37 mm.  The hourly hydraulic application is 
calculated to be 68 mm, which also exceeds the recommended maximum of 8 mm for 
silt loams (NSW Agriculture, 1999).  However, because application to a given area of 
the paddock is not continuous and there is a long return period between applications to 
the same area (approximately 256 d), these breaches are not of concern.   
The actual constituent application rates given in Table 4.5 were calculated on a whole-
site basis whereby the daily or yearly wastewater constituent loading was divided by 
the irrigated land area.  Loading rates were all within the recommended limits for salts, 
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organic matter and nutrients, allowing a factor of safety for a smaller fraction of 
available irrigation land should the coverage of the travelling irrigator not be as 
extensive as assumed.  If the BOD5 loading rate is calculated according to daily land 
coverage of the irrigator spray (as opposed to the total available land area), the 
application rate (405 kg BOD5/ha-d) is much higher than the recommended maximum.  
As with the hydraulic loading however, the resting period is long enough to allow 
sufficient soil reaeration. 
Table 4.5  Comparison of wastewater constituent application rates to land at the field 
site with guideline limits.  
Parameter Actual land application rate  Maximum recommended application 
rate (NSW Agriculture, 1999) 
Hydraulic loading 26 mm/week 30 mm/week 
Salts (as EC) 3.6 dS/m 7.0 dS/m 
BOD5 3.2 kg/ha-d 60 kg/ha-d 
COD 11.0 kg/ha-d  
TS 12.3 kg/ha-d  
TVS 6.7 kg/ha-d  
TKN 303 kg/ha-year 350 kg/ha-year 
NH3-N 88 kg/ha-year  
TP 35 kg/ha-year 150 kg/ha-year 
 Based on an irrigated area of 4.5 ha. 
Compared with fertiliser applications to the rest of the farm, effluent P additions (35 kg 
P/ha-yr) were lower than superphosphate additions (43 kg P/ha-yr).  Direct wastewater 
ammonium additions (88 kg N/ha-yr) were lower than the urea ammonium application 
rate (227 kg N/ha-yr).  However, when potential mineralisation of organic N in the 
wastewater is taken into account, total annual wastewater nitrogen additions (303 kg 
N/ha-yr) exceed urea additions. 
4.5.2 Soil Analysis 
The soils of both sites were identified as Dermosols by their lack of textural contrast 
between A- and B- horizons (Isbell, 1996; McKenzie et al., 1999).  The A1 horizon on 
both sites extends to 15 cm and is a strong brown colour and has weak to firm 
consistency.  A clear boundary differentiates the lighter brown A2 horizon that also has 
a firm consistency and continues to 30 cm below surface.  Samples from the A2 horizon 
of the treated site displayed a slight yellow hue, whereas those from the untreated site 
were a deeper brown with some slight variation in the chroma between samples.  
Sample profile 4 from the treated site exhibited bleaching at 20-30 cm, which could 
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indicate impeded drainage (Murphy, 1991), unusually high leaching and/or lower 
organic matter and fertility status for that area of the paddock (Fitzpatrick et al., 1999). 
The B-horizon was distinguished by a clear colour change at 30 cm.  There appeared 
to be no transitional B1 horizon, hence the B2 horizon was considered to start at 30 cm.  
The B2 horizon revealed a more marked difference between the soil profiles from two 
sites.  The B2 horizon from the untreated site was brown with slight red mottling 
throughout and little variation between the sample profiles.  The treated site B2 horizon 
was haplic (uniform) with a stronger yellow hue.  Otherwise, the friable to firm 
consistency and colour of the B-horizon on both sites indicates they are moderately to 
well drained and well aerated (Fitzpatrick et al., 1999). 
The results of the various soil analyses are presented below.  The raw data may be 
viewed in Appendix J. 
4.5.2.1 Soil texture 
The particle size distributions for the untreated and treated sites are given in Figure 
4.7.  The profiles from both sites show increasing clay content and decreasing sand 
fraction with depth.  Both profiles have a significant silt fraction, ranging from 32 to 50% 
in the untreated profile and 43 to 57% in the treated profile.  Given that there is no 
sharp texture contrast between horizons (as per the Dermosol classification), the soil 
profile of both sites may be described as a uniform gradation from a fine sandy loam at 
the surface to a silt loam below the A2 horizon (Cattle, 1998; Fitzpatrick et al., 1999; 
Abbott, 1987; Hazelton and Murphy, 1992).  It is possible, however, that the clay 
fraction is underrepresented in this breakdown as particle size analysis conducted on 
dried samples can under-estimate clay content and over-estimate fine sand and silt 
factions of certain soils, particularly those rich in iron and aluminium hydroxides 
(Morrison, 1998).   
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Figure 4.7  Soil texture profiles: (a) untreated site; (b) treated site. 
4.5.2.2 Soil acidity 
The soil pH profiles reveal similar moderate to strong acidity characteristics between 
the two sites.  Both display a gradual fall from pH 5.9 at the surface to around 5.0 
below 30 cm (see Table 4.6).  The pattern of increasing acidity with depth evident in 
the profile plots of the averaged data shown in Figure 4.8 is typical for soils in high 
rainfall (>600 mm) sub-coastal regions (Slattery et al., 1999) and close to the ideal 
neutral range (6.0-7.5) for pasture soils (Cumming and Elliot, 1991).  Note that the 
profile plot incorporates pH values from the 1996 soil tests conducted on soil from the 
same paddocks.  The dashed lines through the 1996 data symbols represent the depth 
of the samples taken (0-10 cm) and are used herein to provide a visual aid for the 
comparison of 1996 data with current results; intersecting lines of the same colour 
indicate consistency between current and 1996 data.  Soil pH appears to have 
increased on the untreated site since 1996 but decreased on the treated site.  Acidity 
can limit soil nutrient availability and pasture response to P fertiliser additions 
(Cummings and Elliot, 1991).  Thus in accordance with the recommendations from the 
1996 tests, the pasture receives occasional applications of lime to reduce acidification, 
which may explain the increase in pH on the untreated site.  Differences in current soil 
pH between the sites were small and not statistically significant (see Table 4.6).   
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Table 4.6  Mean soil pH levels and significance of non-parametric comparison of untreated 
and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm pH (1:5 w/w) Two-tailed significance 
 Untreated Treated p < 
0-5 5.87 (0.27) 5.88 (0.21) NS  
5-15 5.36 (0.51) 5.41 (0.42) NS 
15-30 5.05 (0.25) 4.96 (0.29) NS 
30-50 4.99 (0.05) 4.87 (0.25) NS 
50-70 5.08 (0.18) 4.93 (0.35) NS 
70-90 5.04 (0.21) 5.17 (0.89) NS 
 NS denotes difference between untreated and treated sample means is not significant at 





















Figure 4.8  Changes in soil pH with depth. 
4.5.2.3 Electrical conductivity 
Soil electrical conductivity (EC) levels reveal distinct differences between the soil 
profiles from the two sites.  Mean EC levels are given in Table 4.7 and the profile plots 
are given in Figure 4.9.  Surface (0-5 cm) soil EC levels from the two sites were close 
to equal and well below soil salinity thresholds (Abbott, 1987; Cumming and Elliot, 
1991; Hazelton and Murphy, 1992).  Surface soil conductivity on the treated site 
appears to have risen marginally since 1996, which may be related to the salt loading 
of the wastewater.  Subsoil conductivities were significantly higher on the treated site at 
15-30, 30-50 and 70-90 cm at the 10% level.  Effluent application could be assisting 
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movement of salts through the profile resulting in elevated salinity at depth.  The 
subsoil EC levels, however, do not pose a salinity concern as they are well below the 
salinity threshold.   
Table 4.7  Mean soil conductivity levels and significance of non-parametric comparison of 
untreated and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm EC (1:5 w/w), dS/m Two-tailed significance 
 Untreated Treated p < 
0-5 0.148 (0.053) 0.152 (0.040) NS  
5-15 0.064 (0.004) 0.082 (0.017) NS 
15-30 0.047 (0.006) 0.083 (0.029) 0.1 
30-50 0.044 (0.008) 0.077 (0.030) 0.1 
50-70 0.040 (0.010) 0.071 (0.029) NS 
70-90 0.040 (0.012) 0.064 (0.019) 0.1 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 




















Figure 4.9  Changes in soil 
conductivity (EC) with depth. 
4.5.2.4 Exchangeable cations 
A general pattern of higher levels of exchangeable cations on the untreated site was 
evident, with untreated cation exchange capacity (CEC) consistently higher down the 
profile to 70 cm.  Calcium was the dominant cation on both sites and was significantly 
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higher at the surface of the untreated site both in terms of concentration and saturation 
percentage of CEC.  Subsoil magnesium levels were also higher on the untreated site. 
Significantly higher potassium levels on the treated site were the only indication of 
wastewater application affecting exchangeable cation concentrations.  Statistical 
analysis of exchangeable cation results data was limited by the small number of 
untreated samples analysed for each depth band (two sample profiles as opposed to 
four for other analyses).  The results are presented below. 
Cation Exchange Capacity 
The CEC rating of the surface soils from both sites lies in the low to moderate range for 
both soils (Hazelton and Murphy, 1992).  The soil of the treated site may therefore be 
classified as suitable for wastewater irrigation (Class 1) according to the rating scheme 
given by Wrigley (1994).  As can be seen in Table 4.8, mean CEC levels at 0-5 cm 
were significantly higher (p < 0.05) for the untreated site soil profile than the treated site 
profile.  The CEC of the surface soil is consistent with past levels on the treated site 
(see Figure 4.10), but on the untreated site, CEC levels appear to have risen 
substantially.  The difference between CEC levels at 15-30 and 30-50 cm was 
significant at p < 0.10.  Increasing CEC levels with depth in the subsoils of both sites 
evident in Figure 4.10 are related to increasing clay content (Brown, 1999). 
Table 4.8  Mean soil CEC levels and significance of non-parametric comparison of 
untreated and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm CEC, cmol+/kg Two-tailed significance 
 Untreated Treated p < 
0-5 18.90 (2.79) 12.38 (2.34) 0.05 
5-15 8.77 (2.53) 6.06 (2.04) NS  
15-30 5.78 (0.11) 3.45 (0.54) 0.1 
30-50 7.06 (0.35) 4.38 (1.45) 0.1 
50-70 7.53 (0.83) 6.23 (0.91) NS 
70-90 8.11 (1.53) 8.67 (2.46) NS 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 
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Figure 4.10  Changes in soil cation 
exchange capacity with depth. 
Exchangeable aluminium 
No appreciable differences in exchangeable aluminium levels were apparent between 
the two sites (Table 4.9).  Profiles from both sites exhibited increasing concentrations 
with depth, which is presumably related to the increase in clay content with depth.  In 
terms of percent contribution to effective CEC (refer to Figure 4.11), surface 
exchangeable Al is within acceptable levels (<5%) (Abbott, 1987) and well below 
toxicity limits for ryegrass pasture (30%) (Cummings and Elliot, 1991).  However, 
surface exchangeable Al appears to have increased substantially on both sites since 
1996.  Below 5 cm, Al concentrations climb dramatically to over 40% of CEC below 30 
cm.  At this depth such levels should not affect pasture growth or response to P 
additions.  They are, however, representative of the acidity of the soil and relatively low 
levels of calcium and magnesium (Slattery et al., 1999).  They are also indicative of the 
presence of Al oxyhydroxides, which adsorb and fix phosphorus at low pH and also 
give rise to the potential for error in particle size distribution analysis noted earlier.   
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Table 4.9  Mean soil exchangeable aluminium levels and significance of non-parametric 
comparison of untreated and treated sample means.  Standard deviation is given in 
parentheses.  
Depth, cm Exchangeable Al, cmol+/kg Two-tailed significance 
 Untreated Treated p < 
0-5 0.22 (0.07) 0.22 (0.07) NS  
5-15 0.70 (0.82) 0.61 (0.39) NS 
15-30 1.52 (1.15) 1.26 (0.42) NS 
30-50 3.17 (1.18) 2.01 (0.95) NS 
50-70 3.33 (1.41) 2.69 (1.46) NS 
70-90 3.72 (1.65) 3.57 (3.02) NS 
 NS denotes difference between untreated and treated sample means is not significant at 
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Figure 4.11  Changes in exchangeable 
aluminium saturation with depth. 
Exchangeable calcium 
Mean surface soil Ca levels (Table 4.10) were significantly higher on the untreated site 
(p < 0.05) but within the typical range for NSW soils given by Cummings and Elliot 
(1991).  According to the rating index given by Hazelton and Murphy (1992), surface 
Ca levels are ‘high’ on the untreated site and ‘moderate’ on the treated site.  In terms of 
percentage contribution to CEC, the concentrations on both sites lie within the 
desirable range for plant growth specified by Abbott (1987).  However, Ca contributes 
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the dominant fraction of the difference between the surface CEC levels of the two sites 
noted earlier.  Figure 4.12 shows Ca levels declining with depth, a pattern typical of 
acidic soils with high exchangeable Al (Bruce, 1999).  Differences between the 
untreated and treated sites were not significant in the subsoil, although below 15 cm 
Ca saturation is notably higher on the treated site.  Surface exchangeable Ca 
concentration has increased substantially since 1996 on the untreated site while on the 
treated site it appears steady (refer to Appendix H).  The dramatic increase in Ca on 
the untreated site has resulted in the concurrent increase in CEC (see above), which 
effectively obscures change to Ca saturation.  Thus in Figure 4.12 Ca saturation 
appears to be consistent with 1996 levels on the untreated site, while on the treated 
site Ca saturation has decreased since 1996. 
Table 4.10  Mean soil exchangeable calcium levels and significance of non-parametric 
comparison of untreated and treated sample means.  Standard deviation is given in 
parentheses. 
Depth, cm Exchangeable Ca, cmol+/kg Two-tailed significance 
 Untreated Treated p < 
0-5 15.93 (2.54) 8.77 (1.46) 0.05 
5-15 6.00 (3.11) 4.23 (2.13) NS  
15-30 1.65 (0.64) 1.53 (0.60) NS 
30-50 0.65 (0.49) 1.15 (0.44) NS 
50-70 0.35 (0.21) 0.65 (0.48) NS 
70-90 0.25 (0.07) 0.75 (1.10) NS 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 
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Figure 4.12  Changes in exchangeable 
calcium saturation with depth. 
Exchangeable magnesium 
Mean exchangeable Mg levels in the surface soil (Table 4.11) were ‘moderate’ for both 
sites (Hazelton and Murphy, 1992), although above the typical range for NSW soils 
given by Cummings and Elliot (1991).  In terms of percentage fraction of effective CEC, 
the levels are within the desirable range for plant growth (Abbott, 1987).  The difference 
in the surface Mg levels between the sites is not significant, however in the subsoil, 
mean exchangeable Mg was higher on the untreated site at 5-15, 15-30, 30-50 cm 
(p<0.1), and 50-70 cm (p < 0.05).   The sharp drop in concentrations below 5 cm may 
indicate a degree of leaching of exchangeable Mg to the lower horizons of the treated 
site profile (Aitken and Scott, 1999).  The profile plot given in Figure 4.13 shows Mg 
saturation on the treated site is relatively low between 5 and 50 cm as compared to the 
equivalent depths on the untreated site, but return to untreated proportions below 50 
cm.  Mg saturation has increased moderately on the treated site since 1996, but has 
remained fairly steady on the untreated site.  Mg concentration, however, appears to 
have increased considerably on the untreated site since 1996 (refer to Appendix H). 
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Table 4.11  Mean soil exchangeable magnesium levels and significance of non-parametric comparison of 
untreated and treated sample means.  Standard deviation is given in parentheses.  Ca:Mg ratio 
calculated from sample means. 
Depth, cm Exchangeable Mg, cmol+/kg Two-tailed significance Ca:Mg 
 Untreated Treated p < Untreated Treated 
0-5 2.26 (0.44) 1.94 (0.70) NS  7.2 5.0 
5-15 1.83 (0.35) 0.71 (0.35) 0.1 3.2 6.4 
15-30 2.33 (0.47) 0.34 (0.16) 0.1 0.7 5.9 
30-50 2.83 (0.24) 0.96 (0.57) 0.1 0.2 1.6 
50-70 3.37 (0.29) 2.56 (0.13) 0.05 0.1 0.2 
70-90 3.71 (0.06) 3.81 (2.41) NS 0.1 0.1 
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Figure 4.13  Changes in exchangeable 
magnesium saturation with depth. 
Mg saturation below 5 cm on the untreated site was very high (>20%) at all depth 
bands (see Figure 4.13), which may contribute to the suppression of exchangeable K 
(Abbott, 1987).  The same is the case on the treated site below 30 cm.  Associated low 
calcium to magnesium ratios of less than one (see Table 4.11) in the subsoil of both 
sites (below 15 cm on the untreated site and 30 cm on the treated site) indicate a 
strong potential for clay dispersion (Abbott, 1987; Cummings and Elliot, 1991; 
Rengasamy and Churchman, 1999).  The Ca:Mg ratio at the top 5 cm of the untreated 
site was moderately high due to high Ca, but remains close to the 1996 figure of 5.83 
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(Appendix H) between 5 and 15 cm.  On the treated site, a relatively low ratio at the 
surface (compared to 8.35 in 1996) followed by an increase in the ratio at 5-15 cm and 
a rapid decline to 50 cm may be suggestive of downward movement of Mg and/or Ca. 
Exchangeable potassium 
Exchangeable K concentrations (given in Table 4.12) were within the typical range for 
NSW soils given in Cummings and Elliot (1991).  Exchangeable K levels in the top 30 
cm of the profile of the treated site were higher than in the untreated soil, although the 
difference was significant (p<0.05) only at the surface (0-5 cm).  Surface K on the 
treated site rates as ‘high’ according to the index given by Hazelton and Murphy 
(1992).  The higher concentration on the treated site is likely to be symptomatic of K 
input from wastewater application being equal to or greater than depletion by grazing 
and harvesting of the pasture.   
Figure 4.14 shows exchangeable K saturation in the top 30 cm is above desirable 
levels for plant growth (1-5%) (Abbott, 1987; Hazelton and Murphy, 1992), and is 
notably higher in the treated soil than the untreated soil.  The elevated treated soil 
levels closely resemble the findings of Lawrie (1998) who measured differences in K 
saturation between dairy-effluent-treated and untreated soils of similar magnitude.  
Surface levels on the treated site do not appear to have increased since 1996, but on 
the untreated site levels have dropped substantially, again indicating that effluent 
application is maintaining K reserves despite removal by grazing and harvesting. 
Table 4.12  Mean soil exchangeable potassium levels and significance of non-parametric 
comparison of untreated and treated sample means.  Standard deviation is given in 
parentheses. 
Depth, cm Exchangeable K, cmol+/kg Two-tailed significance 
 Untreated Treated p < 
0-5 0.37 (0.18) 1.29 (0.59) 0.05 
5-15 0.13 (0.05) 0.37 (0.24) NS  
15-30 0.11 (0.02) 0.20 (0.13) NS 
30-50 0.17 (0.11) 0.11 (0.06) NS 
50-70 0.16 (0.09) 0.06 (0.02) 0.1 
70-90 0.11 (0.01) 0.07 (0.01) 0.1 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 
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Figure 4.14  Changes in exchangeable 
potassium saturation with depth. 
Exchangeable sodium and sodicity 
Mean exchangeable sodium levels on both sites (given in Table 4.13) were low and 
differed significantly between the sites only at the 30-50 cm depth where the untreated 
mean was higher (p < 0.1).  The percentage fraction of CEC or exchangeable sodium 
percentage (ESP) was higher than desirable levels in the subsoil of both sites and at 
the surface of the treated site (see Figure 4.15).  However, they are below the sodicity 
threshold of 5% (Abbott, 1987; Hazelton and Murphy, 1992) and within the range 
(<5%) for soils suitable for wastewater irrigation (Metcalf and Eddy, 1991; Wrigley, 
1994).  Mean ESP values were consistently higher for the treated site, but the 
differences were not statistically significant.  Surface ESP remains similar to the 1996 
level on the treated site, indicating that wastewater application is not adversely 
affecting salt levels in the soil.  Similarly, Meek et al. (1982) found that manure 
applications did not increase soil exchangeable Na.  The large difference between 
current and 1996 surface ESP on the untreated site is related to the increase in CEC 
caused by the rising Ca content noted earlier. 
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Table 4.13  Mean soil exchangeable sodium levels and significance of non-parametric 
comparison of untreated and treated sample means.  Standard deviation is given in 
parentheses.  
Depth, cm Exchangeable Na, cmol+/kg Two-tailed significance 
 Untreated Treated p < 
0-5 0.13 (0.06) 0.17 (0.07) NS  
5-15 0.12 (0.07) 0.14 (0.09) NS 
15-30 0.16 (0.05) 0.13 (0.04) NS 
30-50 0.24 (0.02) 0.15 (0.02) 0.1 
50-70 0.32 (0.02) 0.26 (0.16) NS 
70-90 0.32 (0.02) 0.47 (0.56) NS 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 




















Figure 4.15  Changes in exchangeable 
sodium percentage with depth. 
Mean exchangeable Na concentrations and ESP increased with depth on both sites 
(see Table 4.13 and Figure 4.15), which is indicative of typical leaching of sodium 
through the profile.  The shape of the profile of the treated site indicates that leaching 
of sodium from the surface to lower horizons may be enhanced by wastewater 
application.  According to the classification scheme for the dispersion behaviour of soils 
proposed by Rengasamy et al. (1984), the soils from both sites are ‘potentially 
dispersive’.  This potential may be amplified by the presence of high levels of 
exchangeable Mg noted earlier.   
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4.5.2.5 Organic matter 
The organic content (by LOI) of soil from the untreated site tended to be greater than 
that of soil from the treated paddock (see Table 4.14).  The mean difference was 
significant (p<0.05) at 0-5, 5-15 and 30-50 cm.  The higher surface levels and 
decreasing concentrations with depth seen in the soil profile plot (Figure 4.16) are 
typical of most soils (Badlock and Skjemstad, 1999).  The organic matter content for 
surface soils (0-5 cm) on both sites is very high (11.8% and 8.3% for untreated and 
treated sites respectively) indicating that the soils are in good structural condition 
(Hazelton and Murphy, 1992).  Organic matter contributes to the cation exchange 
capacity of the soil (Badlock and Skjemstad, 1999), thus the higher organic content of 
the untreated soil relative to the treated soil is consistent with the higher CEC of the 
untreated soil.  However, given that the manuring from grazing animals on the 
untreated site is likely to be a smaller organic input than the combined input of organic 
matter from grazing and effluent application on the treated site, the higher SOM levels 
on the untreated site would be suggestive of a more entrenched, long-term difference 
between the sites.  
Table 4.14  Mean soil organic matter (by LOI), organic carbon content and significance of non-parametric 
comparison of untreated and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm LOI, % w/w SOC, % w/w Two-tailed significance 
 Untreated Treated Untreated Treated p < 
0-5 11.8 (1.6) 8.3 (1.6) 6.9 (0.9) 4.8 (0.9) 0.05 
5-15 5.6 (0.7) 3.7 (1.0) 3.2 (0.4) 2.1 (0.6) 0.05 
15-30 2.0 (0.5) 1.5 (0.3) 1.2 (0.3) 0.9 (0.2) NS 
30-50 2.0 (0.2) 1.3 (0.5) 1.1 (0.1) 0.8 (0.3) 0.05 
50-70 1.7 (0.5) 1.4 (0.4) 1.0 (0.3) 0.8 (0.2) NS 
70-90 1.7 (0.5) 1.4 (0.3) 1.0 (0.3) 0.8 (0.1) NS 
 NS denotes difference between untreated and treated sample means is not significant at the 10% level. 
For comparison with other studies, soil organic carbon (SOC) was calculated from the 
LOI results by dividing LOI by a standard factor of 1.72 (Hazelton and Murphy, 1992; 
Baldock and Skjemstad, 1999).  SOC levels at 0-5 cm and 5-15 cm were consistent 
with those measured in pasture soils treated with dairy shed effluent in the Williams 
River catchment, NSW (Holford et al., 1997) and New Zealand (Barkle et al., 2000).  It 
should be noted, however, that the loss on ignition technique used to determine 
organic matter is generally considered to be less reliable than other methods of SOC 
analysis and may overestimate organic matter and SOC levels (Baldock and 
Skjemstad, 1999). 
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Figure 4.16  Changes in soil organic 
matter (by LOI) with depth. 
4.5.2.6 Nitrogen 
Soil nitrogen analysis revealed considerable differences between the soil profiles from 
the untreated and treated sites.  TKN levels in the untreated soil were significantly 
higher than equivalent levels in the treated soil throughout the profile, suggesting that 
land use history may be an influential factor.  Untreated surface soil ammonium levels 
were also significantly higher at the surface.  Nitrate levels in the top 30 cm of the 
treated soil, however, were significantly higher than untreated levels, indicating that 
nitrogen additions from the wastewater have resulted in increased nitrogen 
mineralisation and/or nitrification.  There is also some evidence of leaching of nitrate 
and ammonium.  The results are presented below. 
Total kjeldhal nitrogen 
TKN results reveal a clear difference between the two sites, with the untreated site 
containing significantly higher concentrations down the entire profile (refer to Table 
4.15).  Mean treated site levels are also generally lower than levels reported for similar 
dairy effluent-irrigated pasture soil reported by Barkle et al. (2000).  Figure 4.17 shows 
the substantial difference between mean TKN concentrations of the two profiles and 
the high concentration of TKN in the surface soil.  The profile plots are remarkably 
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similar to the soil organic matter profile plots (Figure 4.16).  Total nitrogen levels are 
known to be closely associated with organic matter (Brown, 1999).  This relationship is 
substantiated by a regression of the combined TKN and SOM data from the two sites 
as shown in Figure 4.18.  Evidently, TKN is dominated by organic N, meaning that loss 
on ignition analysis of organic matter may be used as an indicator for soil TKN.   
Table 4.15  Mean soil TKN and significance of non-parametric comparison of untreated 
and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm TKN, % w/w Two-tailed significance 
 Untreated Treated p < 
0-5 0.49 (0.07) 0.35 (0.06) 0.05 
5-15 0.26 (0.03) 0.19 (0.03) 0.05 
15-30 0.10 (0.01) 0.07 (0.01) 0.05 
30-50 0.07 (0.00) 0.05 (0.01) 0.05 
50-70 0.05 (0.00) 0.04 (0.00) 0.05 
70-90 0.05 (0.00) 0.03 (0.01) 0.05 
 




















Figure 4.17  Changes in soil TKN with depth. 
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Figure 4.18  Relationship between soil organic matter (by LOI) and TKN. 
 Ammonium and Nitrate 
The mineral nitrogen content of the soils tells a different story to the TKN concentration 
profiles.  While ammonium levels are significantly higher in the surface soil of the 
untreated site (p < 0.05), there is an apparent shift below 15 cm to higher levels in the 
treated soil (refer to Table 4.16 and Figure 4.19).  Elevated treated levels are 
significant (p<0.05) at 30-50 and 50-70 cm, which may indicate that a fraction of 
ammonium added to the surface soil is leaching down the profile.  It is clear however, 
that ammonium added to the soil directly from applied wastewater and indirectly from 
mineralisation of applied organic N is not significantly increasing ammonium levels at 
the soil-wastewater interface.  Significant volatilisation and nitrification losses are the 
most likely ammonium removal mechanisms (Dalipathy et al., 1994; Zaman et al., 
1998), while the lower CEC of the A2 and B21 horizons may allow some downward 
movement of excess ammonium. 
Differences in soil nitrate levels provide further evidence that wastewater irrigation is 
influencing mineral nitrogen in the soil (refer to Table 4.17).  Nitrate in the top 30 cm of 
the treated profile was significantly higher than in the untreated profile at the 5% level.  
At 30-50 cm, the difference was significant at the 10% level.  The pattern of higher 
treated levels continued down the profile (see Figure 4.19), although the differences at 
the lower depth bands were not significant.   
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Table 4.16  Mean soil ammonium nitrogen and significance of non-parametric comparison of 
untreated and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm Ammonium, mg/kg Two-tailed significance 
 Untreated Treated p < 
0-5 14.5 (3.2) 9.9 (3.0) 0.05 
5-15 7.4 (0.4) 5.1 (2.1) NS  
15-30 2.6 (0.9) 4.6 (4.0) NS 
30-50 0.1 (0.2) 3.0 (3.7) 0.05 
50-70 0.0 (0.0) 0.9 (0.4) 0.05 
70-90 0.0 (0.0) 0.7 (0.9) NS 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 




































Figure 4.19  Changes in soil mineral nitrogen with depth: (a) ammonium, (b) nitrate. 
Nitrate concentrations in the upper 30 cm of the treated profile were comparable to 
levels measured on a dairy effluent application site by Meyer and Schwankl (2000).  
Zaman et al. (1998) found that nitrification was stimulated by additions of dairy shed 
effluent.  Hence the results suggest that increased nitrification at the soil-wastewater 
interface is resulting in significant increases in levels of nitrate.  Increased nitrate 
production would then contribute to the higher mean subsoil nitrate levels on the 
treated site as accumulating nitrate is leached with percolating water.  Accelerated 
nitrification could also explain the low ammonium levels in the surface soil of the 
treated site.   
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Table 4.17  Mean soil nitrate nitrogen and significance of non-parametric comparison of 
untreated and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm Nitrate, mg/kg Two-tailed significance 
 Untreated Treated p < 
0-5 29.0 (8.2) 45.9 (12.5) 0.05 
5-15 12.5 (3.2) 21.2 (5.0) 0.05 
15-30 4.5 (0.6) 12.7 (6.8) 0.05 
30-50 5.9 (1.4) 11.5 (8.2) 0.1 
50-70 4.6 (1.0) 12.2 (11.9) NS  
70-90 6.1 (1.5) 10.4 (5.3) NS 
 NS denotes difference between untreated and treated sample means is not significant 
at the 10% level. 
4.5.2.7 Phosphorus 
The results of phosphorus testing were consistent with the results for the other 
macronutrient nitrogen.  Effluent application has had little impact on the more stable 
forms of P, but appears to have affected the more mobile plant available fraction.  TP 
concentrations in the untreated soil profile were significantly higher than equivalent 
treated soil TP levels, but the available fraction in the top 15 cm of the treated soil was 
greater than the untreated equivalent. 
Total phosphorus 
Mean total P content was greater in soil from the untreated site than the treated site at 
all but the 5-15 cm depths (see Table 4.18).  The results were statistically significant at 
0-5 and 70-90 cm (p <0.05) and 50-70 cm (p <0.1).  The results are not consistent with 
the general trend of increasing TP levels with manure/waste applications apparent in 
the literature.  Of particular relevance is the lack of consistency with the findings of 
Holford et al. (1997) who studied a range of variously impacted agricultural (including 
dairy) soils under similar pasture cover in the Williams River region of NSW.  They 
found that treatments of dairy shed effluent resulted in large increases in TP 
concentrations in the top 15 cm of the profile as compared to similar soils treated with 
superphosphate fertiliser.  Lawrie (1998) also reported large increases in total P 
concentrations (most notably in surface soil) related to application of various effluents 
to soils at a variety of sites across NSW.  However, the higher TP status of the 
untreated site may be attributed to accumulation of P due to fertiliser additions and/or 
the impacts related to the land use history of the untreated paddock (Lawrie, 2002).  
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Table 4.18  Mean soil total phosphorus and significance of non-parametric comparison of 
untreated and treated sample means.  Standard deviation is given in parentheses. 
Depth, cm TP, mg/kg Two-tailed significance 
 Untreated Treated p < 
0-5 1164 (310) 969 (161) 0.05 
5-15 404 (101) 403 (82) NS  
15-30 162 (39) 131 (18) NS 
30-50 167 (26) 124 (39) NS 
50-70 161 (12) 132 (19) 0.1 
70-90 155 (12) 122 (10) 0.05 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level. 
The profile plot of mean soil TP levels is given in Figure 4.20.  Regression of the 
pooled soil TP data with SOM data (refer to Figure 4.21) revealed a significant 
correlation between the two parameters.  The correlation is not as strong as the TKN-



















Figure 4.20  Changes in soil total 
phosphorus with depth. 
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Figure 4.21  Relationship between soil organic matter (by LOI) and total 
phosphorus. 
Extractable (Bray 1) phosphorus 
While TP levels were consistently higher on the untreated site, analysis for extractable 
P revealed remarkably different relative concentrations of the available fraction of P.  
Table 4.19 shows mean extractable P concentrations in the top 15 cm of the soil profile 
were notably higher on the treated site, although the difference was only significant (p 
< 0.05) at 0-5 cm.  Available P also contributed a greater fraction of the total P pool on 
the treated site.   
Table 4.19  Mean soil extractable (Bray 1) phosphorus levels and significance of non-parametric 
comparison of untreated and treated sample means.  Standard deviation is given in parentheses. 
Percentage contribution to total phosphorus (TP) calculated from sample means. 
Depth, cm Extractable (Bray 1) P, mg/kg 
Two-tailed 
significance 
Fraction of total pool, 
%TP 
 Untreated Treated p < Untreated Treated 
0-5 80.1 (50.7) 113.2 (71.8) 0.05 6.9 11.7 
5-15 16.8 (7.6) 25.8 (13.9) NS 4.2 6.4 
15-30 5.0 (5.3) 4.2 (1.9) NS 3.1 3.2 
30-50 1.2 (1.6) 1.2 (0.6) NS 0.7 1.0 
50-70 0.3 (0.2) 0.3 (0.1) NS 0.2 0.2 
70-90 0.2 (0.1) 0.2 (0.1) NS 0.1 0.2 
 NS denotes difference between untreated and treated sample means is not significant at the 
10% level. 
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Surface available P levels on both sites were particularly high for Australian agricultural 
soils.  Under the rating scheme for Australian temperate soils given by Wrigley (1994), 
surface soil available P is ‘high’ on the untreated site and ’very high’ on the treated site.  
Moody and Bolland (1999) give a critical concentration for surface (0-7.5 cm) soil Bray 
1 available P under perennial temperate pastures in the Tablelands of NSW of 10-12 
mg/kg.  Pasture in the Southern Tablelands is considered unlikely to respond to P 
fertiliser at surface Bray 1-P concentrations above 14 mg/kg (Abbott, 1987; Hazelton 
and Murphy, 1992).  Figure 4.22 shows 1996 levels were only just above this threshold 
value on both sites, signifying a substantial rise in available P since that time. 
Elevated extractable P levels are typical of NSW dairy soils (Dili, 1999) and are 
indicative of depressed P sorption capacities caused by P additions in applied 
wastewater (treated site), mineral fertiliser (untreated site) and manure deposits from 
the grazing herd (both sites) (Holford et al., 1997; Nair et al., 1998; Dili, 1998; Hooda et 
al., 2001).  The Southern Highlands region in particular has been identified as having a 
high proportion of dairy farms with heavily impacted low-sorbing soils (Dili, 1998).  
Mean Bray 1 levels measured for the top 15 cm of the untreated and treated sites are 
comparable to mean values measured by Holford et al. (1997) in the topsoil (0-15 cm) 
of fertilised and effluent-treated pastures, respectively.  The higher levels on the treated 
site topsoil were also consistent with the findings of Sweeten et al. (1995). 




















Figure 4.22  Changes in extractable 
(Bray 1-P) phosphorus with depth. 
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Elevated extractable P levels at 0-5 and 5-15 cm depth bands on both sites, along with 
the relatively low surface exchangeable Al, suggests that the surface soil P sorption 
capacity could be approaching saturation (Holford, 1997; Nair, 1998; Dili, 1999).  On 
the untreated site this would be related to fertiliser P additions, while on the treated 
site, effluent P additions would lower the P sorption capacity.  Assuming that P is 
removed by pasture uptake at a rate of 20-25 kg/ha-yr (Wrigley, 1994; Hooda et al. 
2001), the P inputs from applied fertiliser and wastewater on the untreated and treated 
sites (43 and 35 kg P/ha-yr, respectively) are likely to exceed pasture requirements, 
resulting in an increase in the extractable P fraction and eventually soil P saturation.  
Available P is higher on the treated site despite the P loading from the wastewater 
being lower than fertiliser P additions on the untreated site.  This may be related to the 
sustained release of inorganic P from the applied waste through mineralisation of the 
organic fraction, which during the winter would cause available P to accumulate due to 
lower plant uptake. 
Soil P saturation at the surface highlights the potential for P movement down the 
profile; however there is no indication of soil P saturation or P movement below the A 
horizon.  Extractable P levels (of which a sizeable fraction would be labile) on both 
sites follow a very similar pattern of decline to almost zero at depth (refer to Figure 
4.22), which is typical of vertical distribution of P in soils (Brown, 1999).  The profiles 
closely resemble the Bray P profiles of similar untreated and effluent-treated dairy soils 
recorded by Lawrie (1998) in Munni, NSW.  Under the acidic conditions of the soil, P in 
the soil solution is likely to be adsorbed by or react with Al and Fe oxyhydroxides and 
become resistant to leaching (Nair et al., 1995; Nair et al., 1998; Holford, 1997; Dili, 
1999).  The increasing exchangeable Al content of the soil profiles with depth would 
therefore restrict P movement and availability in the B-horizon.  The higher subsoil TP 
levels on the untreated site (in relation to the treated site) may indicate a long-term P 
movement into the B-horizon and subsequent fixation (Nair et al., 1995; Brown, 1999), 
a pattern that is likely to be enhanced on the treated site due to wastewater application 
(Holford et al., 1997; Lawrie, 1998; Whalen and Chang, 2001).  However, extractable P 
levels at depth remain low indicating that subsoil P sorption capacity remains high and 
the potential for further downward movement is low.  In the absence of P sorption 
capacity data and historical TP data, further inferences about P movement can only be 
speculative.   
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4.5.3 Surface Runoff Water Quality Monitoring 
Surface runoff samples were collected on 2 August 2000 and 9 May, 11 July, 27 July 
and 28 August 2001.  Large rainfall events occurred in October and early November of 
2000 but did not generate sufficient runoff for sample capture.  Runoff generated by 
storms in mid- to late November was not successfully sampled due to failure of the 
sampling sumps to capture adequate volumes of runoff water.  To improve the 
performance of the sumps, rows of sand bags covered in plastic sheeting were placed 
either side of the sumps to direct greater volumes of runoff towards the sumps.  
Significant rainfall did not occur again until early February 2001.  However runoff 
sampling did not occur between February and April 2001 as the site could not be 
attended within a reasonable timeframe (48 hours) to ensure sample integrity.  Surface 
runoff water captured in the sumps over this period was removed and the sump bottles 
washed before the next sampling occasion (9 May 2001).   
The sampling units were designed to capture three discrete samples; however, actual 
sample capture produced three full sample bottles on both sites on only one occasion 
when rainfall intensity was relatively high (1 August 2000).  The sump on the untreated 
site produced only one discrete sample from each of the other four runoff events.  This 
would mainly be related to the topography of the site, which was more conducive to 
producing broad sheet flows of surface runoff rather than concentrated flows that could 
be directed towards the small area covered by the sampling sump and its flow 
diversion banks.  The sump on the treated site was better placed for sample capture 
and managed to produce three discrete samples on 11 and 27 July 2001 as well as in 
August 2000.   
It was found that there was very little variation in water quality parameter levels 
between discrete samples from both sites.  This was most probably due to the small 
capacity of the bottles in relation to total runoff generated.  Thus to simplify comparison 
between untreated and treated samples, results from water quality analysis of discrete 
samples were averaged to produce a mean concentration for the runoff captured 
during a given storm event.   
The results from the surface water quality monitoring and the statistical analysis of the 
monitoring data are summarised in Table 4.20.  The raw monitoring data is provided in 
Appendix K.  Sample means from the treated sites were significantly higher than 
equivalent untreated sample means for TKN, ammonia, TP, DRP (p < 0.05) and nitrate 
(p < 0.1), providing strong evidence that wastewater irrigation is resulting in elevated 
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nutrient levels in surface runoff leaving the site.  The detailed results for the various 
parameters are presented below. 
Table 4.20  Mean surface runoff water quality parameter concentrations and significance of non-
parametric comparison of mean runoff concentrations from treated and untreated sites.  
Standard deviation is given in parentheses. 
Parameter n Mean Concentration Two-tailed significance
  Untreated Treated p < 
EC (dS/m) 5 0.32 (0.27) 0.48 (0.23) NS  
TSS (mg/L) 5 128 (214) 73 (31) NS 
TKN (mg N/L) 5 3.36 (3.51) 20.56 (23.80) 0.05 
NH3-N (mg N/L) 5 0.77 (0.87) 8.60 (12.75) 0.05 
NO3-N (mg N/L) 5 2.01 (2.30) 4.41 (4.80) 0.1 
TP (mg P/L) 5 0.89 (0.53) 7.77 (10.74) 0.05 
DRP (mg P/L) 5 0.69 (0.48) 6.44 (9.55) 0.05 
 NS denotes difference between untreated and treated sample means is not significant at 
the 10% level 
4.5.3.1 Rainfall characteristics 
Comparison of the three available sets (from pluviometers 568113, 568124 and 
568183) of rainfall data revealed that data from the Burrawang station (station number 
568183) was most strongly correlated with the sampling events.  An extract of the 
hourly data from the Burrawang pluviometer (568183) for the period 1 January 2000 to 
30 August 2001 that includes the data related to the runoff sampling events is given in 
Appendix L.  Characteristics obtained from the data of the storm events from which 
surface runoff samples were collected are given in Table 4.21.  Average recurrence 
intervals (ARI) were determined according to an intensity-duration-frequency table 
generated for the locality using the algebraic procedure outlined in Australian Rainfall 
and Runoff (1987).  Of note here is that the ARI of all the storms is less than one year, 
revealing that runoff events generated by larger, less frequent storms were not 
sampled in this study. 
It is also important to note that while the rainfall data from the Burrawang weather 
station are representative of the storm events that produced the runoff samples, they 
are unlikely to be an accurate quantification of the rainfall at the site.  Storm events in 
the Southern Highlands region tend to be highly localised (van Owen, 2001), thus the 
distance between the farm site and the weather station is likely to create disparity 
between rainfall characteristics of the two locations.  Inferences relating water quality 
data and rainfall must therefore be regarded as indicative rather than definitive. 
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Table 4.21  Storm event characteristics taken from hourly rainfall data from the Sydney 
Water Burrawang weather station number 568183. 




ARI (years)  
2000     
1 August 16.0 4 4.0 <1 
2001     
8 May 19.0 17 1.1 <1 
10 July 59.5 16 3.7 <1 
26 July 21.0 16 1.3 <1 
27 August 34.0 14 2.4 <1 
 Australian Rainfall and Runoff (1987). 
 
4.5.3.2 Conductivity and suspended solids 
Runoff conductivity levels and suspended solids concentrations were highly variable 
and revealed no consistent difference between the treated and untreated sites (see 
Figure ded solids concentrations in runoff from the untreated site 
increased with each sampling event.  This may be attributed to the disturbances of the 
ground immediately upslope of the sampling sump caused by cattle movements.  The 
sump was located adjacent to a farm dam that was freely and regularly accessed by 
the herd.  The physical condition of the pasture and soil was observed to decline over 
the monitoring period (signified by exposed soil and hoof prints), evidently resulting in 
increased sediment entrainment in surface runoff.  Runoff conductivity levels were 
more erratic and could not be linked to particular site conditions or land management 
practices. 
No correlation was found between rainfall and conductivity and TSS data from the 
untreated site.  However, TSS concentrations in runoff from the treated site appeared 
to be related to rainfall intensity (see Figure 4.24).  This would suggest that manure 














































































Figure ionship between rainfall intensity and 
runoff suspended solids concentration on the treated 
site. 
4.5.3.3 Nitrogen 
Water quality monitoring results for nitrogen reveal a clear and consistent pattern of 
elevated concentrations of TKN and ammonia in runoff from the treated site (see 
Figure 4.25).  Nitrate concentrations also tended to be higher on the treated site with 
the exception of the final sampling event, indicating that nitrogen additions from effluent 
application are resulting in contamination of surface runoff waters.  Figure  4.26 reveals 
a strong correlation between TKN and ammonia concentrations and rainfall (quantity) 
on both sites.  Neither parameter was significantly related to storm duration or intensity.  
 4.24  Relat
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However, concentrations were closely synchronised with intensity after the first 
sampling event.  Nitrate concentrations were not related to storm characteristics on 
either site, which suggests that export of nitrate may be dependent upon other factors 
such as rates of organic N mineralisation and nitrification.  This is consistent with the 


































































































Figure 4.25  Runoff nitrogen concentrations: (a) total kjeldhal nitrogen; (b) ammonia; (c) nitrate. 
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Figure ionships between rainfall and runoff nitrogen concentration: (a) total kjeldhal 
nitrogen, (b) ammonia. 
4.5.3.4 Phosphorus 
Runoff concentrations of both total and dissolved reactive P followed a similar trend to 
TKN and ammonia concentrations (see Figure .  Treated site concentrations were 
consistently higher than untreated concentrations for both forms of P and were 
positively related to total storm precipitation (see Figure 4.28).  The results from the 
untreated site are lower than TP and dissolved P levels measured by Fleming and Cox 
(1998) in surface runoff from fertilised (15 kg P/ha) grazed dairy pastures South 
Australia.  They were also lower than runoff concentrations (up to 5 mg/L) reported by 
Baginska et al. (1998) from intensive dairy pastures in the Hawkesbury Nepean 
catchment.  This would suggest that the elevated soil nutrient status of the untreated 
































































Figure 4.27  Runoff phosphorus concentrations: (a) total phosphorus, (b) dissolved reactive phosphorus. 




































Figure 4.28  Relationship between rainfall and runoff phosphorus concentration: (a) total 
phosphorus, (b) dissolved reactive phosphorus.  
4.6 DISCUSSION 
The results of the soil analyses revealed a consistent pattern of higher mean 
concentrations of organic matter, TKN and TP throughout the profile on the untreated 
site as compared to the treated site.  CEC and exchangeable Ca were significantly 
higher in the untreated surface soil.  Conversely, higher mean levels of extractable P, 
nitrate and exchangeable K were observed at various depths in the treated site profile 
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as compared to the untreated site profile.  Compared with results from previous soil 
testing, current levels of conductivity, exchangeable Al, Mg and K, CEC and extractable 
P represented substantial increases from 1996 levels on both sites.  Water quality 
monitoring produced mean concentrations of TKN, ammonia, nitrate, TP and DRP that 
were significantly higher in surface runoff from the treated site than in runoff from the 
untreated site.  TKN, ammonia, TP and DRP concentrations in runoff from the treated 
site showed strong correlations with rainfall.  The implications of these findings are 
discussed below. 
4.6.1 Impacts on Soil Properties 
The similarity of the soil pH profile curves from the untreated and treated sites provides 
an indication of the underlying similarity of the soils and shows that effluent application 
is not affecting soil acidity.  This counters the findings of Holford et al. (1997) and 
Barkle et al. (2000) who observed notable increases in soil pH with prolonged 
application of dairy effluent.  In this case, natural acidification of the soil is likely to be 
acting as a buffer against the alkalinity of the applied wastewater (Cummings and Elliot, 
1991).  On the untreated site, soil pH has been raised by the addition of lime 
(Ca(OH)2).  The soil test records from 1996 revealed that lime treatment was 
recommended for the paddock containing the untreated site to relieve acidification.  
Discussions with the farmer confirmed that the site had indeed been treated with lime 
in recent years, at a rate of one tonne per hectare.  No records were available to 
determine the approximate date of the application. 
Lime treatment would also have contributed to the relatively high levels of 
exchangeable Ca in the topsoil of the untreated site.  The treatment was primarily 
intended for pH adjustment, although an additional benefit is the alteration of the CEC 
balance to reduce potential toxicity of other cations such as Al and manganese (Mn) 
(Cummings and Elliot, 1991; Bruce, 1999).  Thus the addition of Ca by liming on the 
untreated site has increased Ca concentration and percentage contribution to CEC 
since 1996, and raised both CEC and Ca levels above the equivalent levels on the 
treated site.  Also contributing to the elevated Ca levels on the untreated site would be 
the calcium content of superphosphate fertiliser (CaPO4).   
On the treated site mean surface CEC remains similar to the 1996 level, suggesting 
that wastewater application is having minimal impact on soil exchangeable cations.  
Surface Mg and Al have increased since 1996, however this has not greatly altered the 
CEC balance.  Down the profile, depressed Mg concentrations and saturation, and 
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relatively high Ca:Mg ratios suggest that downward movement of Mg may be promoted 
by wastewater application.  Higher EC and ESP values down the treated profile are 
also indicative of accelerated leaching of salts.  Excessive applications of wastewater 
could potentially result in structural degradation of the subsoil by raising the sodium 
fraction and increasing dispersion potential, ultimately resulting in reductions in 
drainage and productivity.  However, despite typically displaying high conductivity 
levels (salinity), dairy shed wastewater has been shown to have relatively low SAR 
values (see Table 2.1).  The SAR of the wastewater generated at this particular farm 
has previously been shown to be around 2.0 (Fyfe, 1999), which is well below the 
permissible maximum of 8.0 stipulated by the EPA (1995).  Furthermore, the salinity of 
the wastewater is below the recommended maximum salt loading given by NSW 
Agriculture (1999).  Thus the sodium hazard associated with wastewater application at 
this site is considered to be low.   
The significantly higher levels of organic matter, total N and total P on the untreated 
site signify a substantial difference in the nutrient pool of the two sites.  Common sense 
would suggest that the regular fertiliser additions to the untreated site are supplying the 
pasture in excess, allowing N and P to accumulate and the net pool of nutrients to 
increase over time.  The stimulated growth from potentially luxuriant uptake of nutrients 
would contribute to the elevated organic content of the soil (Badlock and Skjemstad, 
1999), as would manure from the grazing herd.  Moreover, if the nutrient load of the 
wastewater has been below pasture requirements, the total nutrient pool of the treated 
site would gradually be depleted.  This appears to be a satisfactory explanation for the 
case of phosphorus in which the wastewater loading is lower than fertiliser additions.  
However, it does not account for the fact that the total nitrogen loading of the 
wastewater to the treated site is higher than net nitrogen additions to the untreated site 
through fertiliser.  Nor does it account for the considerable organic loading of the 
wastewater that would normally be expected to increase soil organic matter (Barkle et 
al., 2000; Gale et al., 2000).  This suggests that there was a measurable difference in 
the nutrient pools before waste application was commenced.   
Discussion with the farm owner revealed that in a previous configuration of the property 
(at least fifteen years prior to soil sampling for this study), a small dairy shed was in 
operation on the paddock containing the untreated site.  The same paddock was also 
probably used as the night holding area for the dairy herd.  The heavy manuring of the 
paddock that would have resulted from constant stocking with milking and calving cows 
is likely to have increased the organic content of surface soil, thus providing a 
significant reservoir of nutrients to the soil (Abbott, 1987; Charman and Roper, 1991; 
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Lawrie, 2002).  Increases in soil organic matter and nitrogen resulting from manuring 
have previously been observed by Meek et al. (1982) and Gale et al. (2000).   Nair et 
al. (1995) and Nair et al. (1998) demonstrated the widespread occurrence of long-term 
accumulation of phosphorus associated with intensive stocking/manuring on dairy 
farms.  Thus previous land use of the untreated site may have contributed to its 
elevated levels of organic matter, total N and total P.   
While wastewater application on the treated site appears to be having little impact on 
the total nutrient pool, there is some evidence that it is affecting more mobile plant-
available forms of nutrients.  Exchangeable K in the treated topsoil, and its percentage 
contribution to CEC, has increased since 1996, while on the untreated site, levels have 
dropped.  This is in agreement with the findings of Meek et al. (1982) who observed 
significant increases in soil exchangeable K levels to a depth of 60 cm after four years 
of various manure treatments.  It also suggests that potash fertiliser additions are not 
matching K depletion by leaching, grazing and silage harvesting on the untreated site, 
and that K additions from wastewater additions are exceeding pasture requirements on 
the treated site.  Lawrie (1998) encountered similar elevated exchangeable K levels in 
dairy effluent treated soils.  However, higher concentrations were also recorded at 
depth (50 cm or more), suggesting that those soils had been subject to effluent 
application over a longer period.  It should be noted here that grazing of the treated site 
is less intensive on account of the stock health hazard posed by freshly applied 
effluent.  Nonetheless, the difference between the sites shows that land application of 
dairy shed waste can adequately meet, if not exceed pasture K requirements. 
Wastewater application has also positively affected extractable P and nitrate.  This 
suggests that the elevated untreated TKN and TP levels are indeed historical and that 
wastewater application is now positively affecting soil nutrient levels.  Accumulation of 
available P levels due to wastewater irrigation was apparent in the upper A horizon, 
which is consistent with the findings of Sweeten et al (1995), Holford et al. (1997), 
Lawrie (1998) and Gale et al. (2000).  However, despite the possibility that the topsoil 
may be approaching P saturation, there was no evidence to suggest downward 
movement (leaching) of P below the A-horizon.  These findings were similar to those of 
Sweeten et al. (1995) and Gale et al. (2000), but they do not concur with the long-term 
increases in available forms of P at depth observed by Meek et al. (1982), Nair et al. 
(1995) and Whalen and Chang (2001).  Evidently, the P sorption strength and capacity 
of the subsoil is enhanced by the clay fraction, Al content and acidity that increase with 
depth, and allows for relatively rapid removal of P from the available pool by fixation 
and absorption.  This may also explain the almost identical previous (1996) Bray 1-P 
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test results for the two sites that suggest any P additions from past manuring of the 
untreated site had been completely removed from the available pool.   
It should also be noted here that the results of the wastewater analysis showed that 
effluent P application was well below the guideline limit stipulated by NSW Agriculture 
(1999) and was lower than the mineral fertiliser application rate on the untreated site.  It 
would appear that P contributions from mineralisation of the organic fraction in the 
applied wastewater accumulate over the winter, resulting in a net excess of available P 
during the growing season.  This supports the assertion by Lawrie (1998) that 
depression of P sorption capacity and accumulation of available P typically associated 
with dairy shed effluent application may be mitigated by the removal of P-rich solids 
from the effluent prior to application.  Furthermore, given the apparent rapid 
accumulation of available P observed in this case, this would imply that the guideline 
limit is too high where the effluent to be applied is not subjected to some form of solids 
removal, and thus specific application rates for raw wastewater may be necessary. 
High surface soil nitrate levels combined with low ammonium concentrations on the 
treated site indicate rapid nitrification of ammonium due to microbial activity stimulated 
by the readily available substrate in the applied waste (Zaman et al., 1998).  This 
appears to have resulted in elevated soil nitrate concentrations in the lower horizons 
through leaching of nitrate.  Dalipathy et al. (1994) observed elevated concentrations of 
nitrate in leachate water from soil treated with dairy manure, however no associated 
increases in soil nitrate were apparent.  Silva et al. (1999) also measured elevated 
leachate nitrate concentrations from soil treated with dairy effluent as compared to an 
untreated soil, but soil nitrate was not assessed.  Nonetheless, it is reasonable to 
assume that the wastewater loading of nitrogen has increased the amount of nitrogen 
available for mineralisation/nitrification, and as a result increased top- and subsoil 
nitrate levels.  Lower ammonium concentrations in the surface soil of the treated site 
would be related to losses caused by leaching and volatilisation (Barker et al., 2000) 
and accelerated nitrification (Zaman et al., 1998).  Elevated ammonium levels in the 
subsoil of the treated site may also be symptomatic of wastewater-induced leaching. 
Overall the results indicate that the impacts of wastewater application on soil properties 
are not substantially greater than those related to other land use factors such as 
stocking rate and pasture management.  Wastewater does not appear to be affecting 
soil pH or salinity, and the net nutrient loading from the wastewater has not increased 
the soil nutrient reservoir above levels that may be found in other intensively-utilised 
areas of the farm.  There is evidence, however, that wastewater application is 
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contributing to elevated levels of mobile, plant-available nutrients including nitrate and 
phosphate, both through the presence of these forms of nutrients in the wastewater, 
and by the gradual decomposition of the organic fraction of the waste that releases 
these forms as by-products of mineralisation.  This increases the potential for nutrient 
losses, particularly over winter.  There is also a mild indication of increased leaching of 
mobile species related to wastewater application; however at this stage this presents 
little threat to the condition of the soil, the pasture or to the groundwater.  In terms of 
supplementing fertiliser needs, the farmer reports that pasture response to the effluent 
has been excellent, producing similar quantities of silage to that from pasture receiving 
mineral fertiliser.  Increased weed growth (observed to follow the path of the irrigator) 
appears to be the only negative effect of wastewater application on the pasture. 
4.6.2 Impacts on Surface Runoff Quality 
The concentration data from the runoff monitoring showed a fair degree of consistency 
with data from similar studies of nutrient transport from waste-treated land including 
McDowell and Sharpley (2002), Eghball and Gilley, (1999) and Daniel et al. (1995).  
The general pattern of elevated runoff nutrient concentrations on the treated site are 
consistent with the findings of Daniel et al. (1995) who measured elevated 
concentrations in runoff generated one day after application of manure slurry.  
However, the considerable variation in nutrient concentrations between sampling 
events suggest that runoff contamination is related to direct transport of waste 
constituents at the soil-water interface.  If contamination was governed by soil nutrient 
status, it is likely that more consistent concentrations would be observed.  The 
relatively consistent concentrations of P in the untreated site runoff indicate that runoff 
contamination on this site may be tied to soil P levels, emphasising the contrast 
between the runoff characteristics of the two sites. 
Runoff nitrogen and phosphorus concentrations were positively correlated with rainfall 
but not rainfall intensity.  This puts forward an interesting contrast to the findings of 
Daniel et al. (1995) who found a strong correlation between runoff concentrations and 
intensity.  Evidently the greater volume of runoff that would have been generated with 
higher rainfall resulted in greater entrainment of nutrients.  However, the same pattern 
was not evident for solids, indicating that the dominant transport mechanism is 
desorption and dissolution of nutrients from the applied waste as opposed to direct 
entrainment of sediment-bound nutrients.  The high DRP fraction of the total runoff P 
concentration supports this supposition.  Long storms of low intensity and high volume 
would promote the process of desorption and dissolution to eventually produce 
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elevated nutrient concentrations.  Shorter, more intense storms would promote 
entrainment of sediment-bound nutrients, as evidenced by the correlation between 
suspended solids concentrations and rainfall intensity.  Regardless of the transport 
mechanism(s), the presence of waste on the soil surface is increasing nutrient export 
from the application site. 
The runoff events sampled in this study were all associated with relatively small rainfall 
events (ARI < 1 year).  Larger, less frequent storms of ARI greater than one year may 
generate substantially larger runoff volumes, which could influence runoff quality 
positively or negatively.  Larger flows could increase contaminant concentrations and 
loads by washing a greater portion of applied waste from the field.  They may also, 
however, effectively dilute the runoff contaminants to produce lower concentrations 
than those encountered in this study from the same or larger loads.  Herein lies the 
greatest limitation of this study.  In the absence of flow measurements that would 
facilitate calculation of export loads, the influence of quantity and flowrate on nutrient 
transport in surface runoff cannot be examined.  And while concentrations can provide 
an indication of the extent of nutrient export and diffuse pollution, they give little insight 
into actual contributions to catchment nutrient budgets.  Furthermore, the 
concentrations measured are likely to have decreased with time over the duration of 
the storm events (Dowell and Sharpley, 2001), hence the data is most probably 
representative of the first and largest flush of nutrients from the site only.  Accurate 
representation of average concentrations for each storm event would require either 
composite or time series sampling, both of which were beyond the scope of this study.  
Nonetheless, there is still a strong case to suggest that nutrients are being exported 




CONCLUSIONS AND RECOMMENDATIONS 
Dairy farms have been widely identified as significant contributors to diffuse pollution in 
Australia (Roberts, 1995, NSW EPA 1997, Baginska 1998, Dili, 1999). Inadequate 
waste management on dairy farms in particular has also been identified as a significant 
source of nutrient enrichment of surface waters (ANZECC and ARMCANZ, 2000b; 
NSW EPA 1997; Bowmer and Laut, 1992; Hubble and Phillips, 1999; Longhurst et al., 
2000).  Since the early 1990s there has been a notable shift towards more sustainable 
dairy shed waste management practices in the Southern Highlands region of NSW, 
and on a broader scale, within the entire Sydney water supply catchment.  This has 
been facilitated in the main by an extension program initiated by the SCA and the 
DLWC with the explicit purpose of encouraging farmers to adopt BMP that satisfy 
regulatory guidelines.  In the early stages of this program, a number of trial systems 
were constructed to demonstrate the functionality and performance of different 
approaches to nutrient control of dairy shed waste.  The outcome of the trial was aimed 
at determining best management practice suitable for given site conditions.  
This study was undertaken to evaluate the performance of two of these trial systems in 
terms of achieving effective nutrient control/containment on the farm.  The first was a 
low energy system (no mechanical components) designed to treat the wastewater from 
the dairy before it is allowed to drain into the Nattai creek.  The second system was a 
direct application to land system that utilises specialised pumping and conveyance 
components to irrigate raw wastewater onto pasture immediately upon generation.  The 
systems are now considered to be behind best management practice as both allow for 
(potentially) large export of nutrients.  The treatment system discharges treated effluent 
to a natural water body and therefore poses an immediate risk to water quality should 
the nutrient removal capability of the system not meet design requirements.  The land 
application system is operated during wet weather as construction of a storage pond 
was constrained by site conditions.  This creates the potential for wash-off of nutrients 
from the application site during heavy rainfall.   
5.1 CONCLUSIONS 
The evaluation study comprised two main components: 
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1. Determining the treatment efficiency of a waste treatment system incorporating 
stabilisation ponds and wetland cells, and its impacts on water quality arising 
from the disposal of the treated effluent into a natural creek 
2. Investigating the accumulation of contaminants (soil contamination) and the 
export of contaminants (surface runoff contamination) related to a direct 
application to land waste management system 
The findings of the study are summarised below. 
5.1.1 Treatment Ponds and Wetlands System 
Monitoring of influent and effluent from the ponds and wetlands treatment system was 
undertaken to measure contaminant removal efficiency through the system.  The water 
quality impacts associated with the disposal of the treated effluent were gauged by 
monitoring creek water upstream and downstream of the effluent discharge point.  The 
major outcome of the monitoring program was to show that while the system is 
achieving substantial reductions in solids and organic content of the wastewater, the 
nutrient concentration of the effluent remains far too high to allow for disposal into 
natural waterways. 
The two-stage waste stabilisation pond component of the system is effectively 
removing suspended and soluble fractions of organic material, indicated by consistent 
reductions of TSS, COD and BOD5 which averaged 85%, 77% and 89%, respectively.  
The performance of the ponds, however, is constrained by the relatively low activity of 
the anaerobic pond, which is related to its large surface area to depth ratio and 
excessive sludge accumulation.  The intrusion of clean water from the plate cooler 
overflow also effectively reduces the hydraulic retention time of the ponds, keeping net 
mass removals below concentration reductions at 79%, 71% and 86% for TSS, COD 
and BOD5, respectively.  Moreover, release of soluble nutrients from accumulated 
sludge and/or mineralisation of organic nutrient fractions in suspended material is 
resulting in significant nutrient contributions to the supernatant.   Consequently, 
wastewater loading of NH3-N, DRP and TP increased through the ponds by 109%, 
156% and 7%, respectively, and TKN removal was limited to 22%.  It is generally 
recommended that ponds be desludged every three to five years or before 50% of the 
total volume is taken up by sludge (NSW Agriculture, 1999; Longhurst et al., 2000; 
Sukias et al., 2001).  The depth of the sludge blanket in the anaerobic pond was 
approximated to be 1.5 m (out of 2.7 m total pond depth), indicating that the pond is 
likely to be overloaded and performing below its treatment capacity.  Hence to avoid 
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further impairment of the performance of the treatment system it is advisable that the 
anaerobic pond be desludged immediately. 
While the stabilisation ponds predominantly removed coarse organic material, the 
constructed wetlands displayed a limited capacity to remove mobile dissolved 
contaminants.  Removal of inorganic dissolved compounds by precipitation and 
adsorption reactions was indicated by reductions of EC and DRP (19% and 36%, 
respectively).  Removal of dissolved organic material was tempered by contributions 
from refractory organic material, indicated by relatively low BOD5 removal (53%) and 
poor removal of TDS (2%).  The wetland cells, however, were primarily installed to 
increase the nutrient removal capacity of the treatment system.  While moderate 
removals of nitrogen and phosphorus were evident, the results indicate that treatment 
efficiency has undergone a considerable decline since the system was brought on line 
in 1996, resulting in significant nutrient loading to the Nattai Creek.  Average NH3-N 
concentration reduction was 59% compared with 84% in 1996, probably due to 
increased NH3-N loading in the pond effluent (from sludge contributions in the 
anaerobic pond).  The NH3-N content of the effluent contributes 72% of the 350 kg of 
nitrogen that is released into the Nattai Creek each year.  Average TP removal 
efficiency has dropped from 63% in 1996 to 23%, suggesting that the P sorption 
capacity of the substrate of the wetland cells is close to saturated.  This resulting 
phosphorus load to the Nattai Creek of approximately 88 kg per year will only increase 
with time as the system becomes increasingly saturated. 
Incorporation of a theoretical water balance into treatment efficiency calculations as 
part of a pollutant budget revealed the considerable effect water inputs and losses 
have on the performance of the treatment system.  Monitoring of such treatment 
systems should therefore incorporate flow measurement, as simple treatment efficiency 
calculations based solely upon inlet and outlet concentrations do not always provide an 
adequate representation of contaminant reduction through a system.  Application of 
simple flow-adjusted first order models to the performance data showed that 
temperature has limited direct influence on the performance of the system.  In the 
ponds, removal of TSS, COD, and BOD5 (overall removal rate constants of 0.0328, 
0.0188 and 0.0479 d-1, respectively) was positively correlated with temperature, 
highlighting the need to account for reduced activity during winter months when 
predicting the performance of two-pond systems.  TS and COD removal in the 
wetlands (overall areal removal rate constants 0.0015 d-1 and 0.0038 d-1) was 
negatively correlated with temperature, probably due to increased algal growth in warm 
periods.   A more intensive sampling regime is required in order to extract sufficient 
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data for model validation and derivation of reliable removal rate constants that may be 
used for design purposes. 
Monitoring of creek water quality revealed serious contamination arising from disposal 
of the treated effluent.  Changes in contaminant concentrations downstream of the 
discharge point were, on occasion, gauged at an order of magnitude.  TSS, BOD5, TKN 
and TP concentrations downstream of the discharge averaged 37, 11, 4.13 and 1.55 
mg/L, respectively, while equivalent mean upstream concentrations were 9, 6, 0.82 and 
0.06 mg/L, respectively.  Differences between upstream and downstream mean 
concentrations were statistically significant at the 5% level for TSS, COD, BOD5, TKN, 
NH3-N, TP and DRP.   Downstream concentrations of most contaminants were 
significantly higher than both reference trigger values determined from upstream 
concentrations and default trigger values from ANZECC and ARMCANZ (2000a).  
Regression analysis revealed positive relationships between effluent loading and 
change in creek concentration for TS, TDS, TKN, NH3-N and TP.  Modification to the 
system design and improved operation and maintenance may achieve incremental 
improvements in the performance of the system, however more drastic action has to be 
taken to prevent further export of nutrients to the Nattai creek.  It is advisable that the 
outlet of the wetland be sealed or diverted away from the creek and the effluent used 
either to supplement irrigation water for the pasture over the summer or returned to the 
dairy for recycling as wash-down water.   
5.1.2 Direct Application to Land System 
Soil from the land application site was intensively sampled to obtain informative data on 
the chemical properties as affected by effluent application.  To facilitate the 
assessment, a second site that did not receive wastewater was sampled to provide 
comparative data from land that is utilised in accordance with the farm’s typical pasture 
management regime.  Surface runoff was also captured from both the effluent-treated 
site and the untreated site to investigate the nature of nutrient export from the waste 
application site.  The general outcome of the soil analysis component of the evaluation 
was to show that wastewater application is positively affecting the available nutrient 
pool, but on the whole is exhibiting no greater impact on soil properties than other land 
use factors such as intensive stocking and pasture improvement.  The farmer has 
observed excellent pasture response from effluent applications, which have been 
generally equivalent to typical response to mineral fertiliser applications.  No die-off has 
occurred from overloading of nitrogen or other wastewater constituents, and the soil 
remains in good structural condition. 
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There is, however, some evidence of nitrate accumulation and leaching through the soil 
profile.  Mean concentrations of nitrate in the treated site ranged from 45.9 mg/kg at the 
surface (0-5 cm) to 10.4 mg/kg at 70-90 cm, while on the untreated site nitrate 
concentrations at the same depths were 29.0 and 6.1 mg/kg, respectively.  
Accumulation of available P may also prove to be a problem in the long-term if the 
same application site is used continuously.  At the time wastewater application was 
commenced, available P levels in the surface soil (0-10 cm) of the untreated and 
treated sites were 17 and 18 mg/kg, respectively.  In the present study (just over five 
years later), mean extractable (Bray 1) P concentrations on the untreated site were 
80.1 and 16.8 mg/kg at 0-5 and 5-15 cm depths, respectively.  On the treated site, the 
equivalent levels were 113.2 and 25.8 mg/kg, respectively.  Generally speaking, 
wastewater application has altered concentrations of more mobile, less stable nutrient 
species including available P, nitrate and potassium, but has had little influence on the 
total nutrient status of the soil in terms of TP, TN, CEC, and organic matter.  These 
available forms of nutrients are mostly by-products of decomposition of the organic 
content of the applied waste.  It is advisable that application rates be revised to account 
for the slow, sustained release of available nutrients from the untreated waste, which, 
particularly over the dormant winter period, can result in accumulation and thus 
increase the potential for losses. 
The findings from the runoff monitoring sit in stark contrast to those from the soil 
analyses in terms of changes in nutrient levels.  Concentrations of all forms of nutrients 
were significantly higher in surface runoff from the effluent treated site than the control 
site.  Nutrient concentrations were most dramatically affected.  TKN, NH3-N, TP and 
DRP concentrations averaged 3.36, 0.77, 0.89 and 0.69 mg/L, respectively, from the 
untreated site.  The same parameters averaged 20.56, 8.60, 7.77 and 6.44 mg/L, 
respectively, on the treated site.  Concentrations varied substantially between sampling 
events, indicating that the nutrient losses were not governed by soil interactions, but 
were a result of direct wash-off of waste constituents from the surface of the soil.  
Concentrations showed strong correlations with rainfall, again suggesting that the 
transport process was indeed related to the direct interaction between runoff water and 
waste components.  This is a short-term impact rather than a long-term failing of the 
system and may be remedied by a number of simple modifications to the set-up 
including the incorporation of a storage facility to hold waste during wet weather, and 
the establishment of buffer strips between the waste application site and surface 
drains. 
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5.2 RECOMMENDATIONS 
The performance evaluation of the two waste management systems has identified 
major shortcomings associated with both forms of waste management.  Thus the key 
findings of the study are: 
• The natural treatment system used on Farm 1 does not provide adequate 
treatment to allow safe disposal into waterways 
• Direct application to land of dairy shed wastewater on Farm 2 (within 
recommended loading limits) does not provide adequate control of nutrients 
under wet weather conditions 
Based on these findings, a number of recommendations are given in relation to the 
improvement of the pollution control capacity of the two systems and the scope for 
continued research in dairy shed waste management. 
5.2.1 System Modifications 
To arrest the contamination of the Nattai Creek, effluent from the treatment system on 
Farm 1 must be applied to land or recycled as wash-down water.  In addition, the 
anaerobic pond should be desludged and the overflow from the plate cooler should be 
diverted away from the treatment system to ensure optimum performance of the 
system.  On Farm 2 the land application rate needs to be revised to account for the 
gradual decomposition of organic material to limit the accumulation of available 
nutrients when pasture uptake of nutrients is low.   More importantly, however, a 
minimum storage capacity needs to be incorporated into the system to avoid 
application under wet weather conditions.  Ideally, buffer zones should also be 
established to prevent export of nutrients to natural waterways (and artificial drainage 
lines leading to natural waterways) during large storm (runoff) events.  
5.2.2 Continued Research 
This study has shown that two particular forms of dairy shed waste management do not 
fulfil fundamental pollution control objectives stipulated in the relevant regulatory 
guidelines; that is, complete containment of all waste and waste constituents/by-
products.  These systems are already considered to have fallen behind best 
management practice (BMP); hence the study simply confirms that in terms of nutrient 
containment, these systems are not satisfactory waste management solutions.  It 
remains then to be verified whether waste management systems that conform to 
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current BMP do in fact provide adequate nutrient control.  Subsequent to that there is 
broad scope for refinement of BMP in relation to improved convenience to the farmer, 
closer integration with typical farm operations and strategic nutrient management.   
Accordingly, further research is recommended for both natural treatment systems (with 
effluent reuse or recycling) and land application systems.  More detailed and 
comprehensive investigation of natural treatment systems, particularly conventional 
two-stage pond systems, is required to improve prediction of effluent quality and 
nutrient content.  The work should aim to contribute to the development of a 
mathematical model that accounts for the full range of flow conditions, active 
transformation processes and loss mechanisms within these systems.  Such a model 
would facilitate more strategic redistribution of nutrients where land application is 
employed, and promote sustainable operation and maintenance of effluent recycling 
systems.  With regard to land application systems, research should be undertaken to 
improve understanding of the complex processes involved in the assimilation, 
accumulation and export of nutrients and other contaminants following the application 
of wastewater to land.  Quantification of nutrient accretion, transformation and leaching 
rates, along with export loads in surface and subsurface runoff would again aid the 
development of a predictive model.  It must be emphasised here that on account of the 
enormous number of variables involved, extensive and rigorous field data collection 
from fully operational dairy shed waste management systems is integral to gaining real 
insight into the behaviour and characteristics of such systems.  Hence controlled 
experiments in the laboratory or in the field may be used for such purposes as model 
parameter identification and refinement, but it is essential that this be coupled with data 
collection from working full-scale systems.  
5.3 CLOSING REMARKS 
Dairy shed waste management is a messy, thankless task that many farmers would 
prefer not to have to endure.  There is always scope, however, to reduce the burden 
through the development of waste management technology and practices geared 
towards maximising both resource recovery and operational convenience, and the 
wilful incorporation of such developments into general farm management.  The 
systems evaluated in this study were designed with the explicit aim of minimising the 
work involved with managing the waste stream from the dairy shed.  It is clear from the 
results of the evaluations that these systems fail in their primary role of providing on-
farm nutrient (pollutant) containment.  The overall objective of continued research in 
this field therefore should be to achieve closer integration of the various aspects of 
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dairy shed waste management with typical dairy farm operations so as to facilitate and 
optimise convenient, strategic and beneficial use of dairy shed waste constituents.  And 
in line with shifting perceptions and approaches towards waste and waste 
management, a change in terminology is due such that spent wash down water from 
dairy sheds is no longer burdened with the negative connotations associated with being 
identified as a waste product.  Perhaps the near future will see the dairy shed as not 
only as a source of minerals for human nutrition, but also as source of secondairy 
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NUTRIENT CYCLING IN NATURAL WASTE MANAGEMENT 
SYSTEMS 
A.1 INTRODUCTION 
Natural waste management systems utilise environmentally governed biogeochemical 
processes to reduce and assimilate waste constituents.  Macronutrients such as 
nitrogen and phosphorus are actively cycled both within and through natural waste 
management systems.  Hence nutrient assimilation in natural waste management 
systems largely depends on the capacity of a given system to incorporate the 
introduced nutrient species into the cycling of nutrients that underpins the functionality 
of the system.  Nutrient removal on the other hand requires either a loss mechanism 
such as gaseous emission, or a permanent sink that effectively removes the nutrient 
species from the cycle.  Thus nutrients not only represent waste constituents that are to 
be controlled by and/or within a waste management system, but also key elements that 
drive - and influence the performance of - such systems.   
A.2 NATURAL TREATMENT SYSTEMS - WASTE STABILISATION PONDS AND 
CONTRUCTED WETLANDS 
Nitrogen is subject to a complex sequence of transformations in natural waste 
treatment systems and its removal is facilitated by two major gaseous loss 
mechanisms.  Phosphorus removal on the other hand is limited to deposition of 
sediment and precipitates, which can lead to P saturation of the system, and ultimately 
contributions to the P loading of the wastewater.  
A.2.1 Nitrogen 
Nitrogen (N) in wastewaters may be present in organic form (organic-N) or in dissolved 
ionic (mineral) form as ammonium (NH4+-N), nitrite (NO2--N-) or nitrate (NO3--N).  In 
dairy shed wastewater it is predominantly present as organic-N and NH4+-N.  Upon 
entering a natural treatment system, N is readily interconverted between species by 
active biochemical processes.  Organic-N may be transformed into mineral N by 
sequential microbially mediated reactions of ammonfication and nitrification.  Mineral 
nitrogen may be converted to organic-N by biological assimilation.  N may be lost from 
the system via volatilisation of NH4+-N and denitrification of NO3--N.  Depending on the 
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level of pretreatment, settling may also be a significant removal pathway for organic-N, 
although the sediment remains subject to mineralisation whereby N is released back 
into the water column as ammonium (Reed et al., 1995).  A fundamental difference 
between wast stabilisation ponds (WSPs) and constructed wetlands (CWs) is the 
additional nutrient pathway of plant uptake.  However, for complete removal to occur, 
wetland plants must be harvested to remove assimilated N from the biological cycle.  N 
removal by vegetative uptake and subsequent harvesting is minimal, typically incurring 
net N losses of around 10% (Watson et al., 1989).   
A.2.1.1 Organic Nitrogen 
Organic nitrogen (Organic-N) bound in particulate matter is initially removed through 
sedimentation.  This fraction, along with the remaining portion in suspension, ultimately 
undergoes bacterial decomposition and releases ammonia to the water column (Reed 
et al., 1995).  Mineralisation of organic-N, or ammonification, occurs most readily under 
reducing conditions, which form near the sediment in facultative ponds, aerobic ponds 
and CWs, and throughout the water column in anaerobic ponds.  The process of 
ammonification is the first step of the sequential mineralisation and ultimate removal of 
the organic fraction of N.   
A.2.1.2 Ammonium 
Ammonium may be removed from a WSP or CW system through volatilisation, 
microbial and algal assimilation, ion exchange and nitrification.  Ammonium removal, 
however, is tempered by contributions from ammonification of organic-N, particularly in 
systems receiving high organic loadings. 
Volatilisation occurs at high pH and temperature, and where concentrations are above 
20 mg N/L.  Under such conditions, the equilibrium between ionic ammonium and 
gaseous ammonia (NH3-N) is forced towards the gaseous state resulting in mass 
transfer losses by volatilisation (Reed et al., 1995; Kadlec and Knight, 1996).  
Ammonium removal by biological assimilation does not provide total N removal as N is 
returned to the system by die-off and decomposition of microbes and algae.  Biological 
removal of ammonium in wetlands is assisted by plant uptake where wetlands plants 
are regularly harvested, although this is not considered a significant removal pathway 
(Cronk, 1996).  Ammonium ions may also be sorbed onto negatively charged exchange 
sites in the bottom soil and sediment (Cronk, 1996).   Adsorbed ammonia is bound 
loosely to the substrate and is easily re-exchanged with altered water chemistry 
conditions.  Under submerged, anaerobic conditions, exchange sites are quickly 
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exhausted and the capacity for ammonium (NH4+) removal by ion exchange is relatively 
inconsequential (Reed et al., 1995). 
Nitrification is considered to be the major ammonium removal mechanism in facultative 
and aerobic ponds and in wetlands. It occurs in the aerated zones in the upper water 
column under neutral to slightly alkaline conditions (pH 7-8).  The rate of the two-step 
biochemical reaction may be controlled by the flux of dissolved oxygen into the system 
(generally by mass transfer from the atmosphere), or by the growth rate of nitrifying 
bacteria, which depends on the carbon supply and temperature (Kadlec and Knight, 
1996).  In heavily loaded systems with high carbonaceous oxygen demand (and 
associated high organic-N concentrations), nitrifying bacteria cannot compete with 
more active heterotrophic bacteria and nitrification becomes oxygen-limited (Senzia et 
al., 2002; Watson et al., 1989).  Under such conditions ammonia is likely to 
accumulate, as the relatively high rate of ammonification exceeds nitrification (Kadlec 
and Knight, 1996).  This is often the case in anaerobic ponds where lack of oxygen 
prevents nitrification but ammonification can proceed uninhibited under the strong 
reducing conditions. 
A.2.1.3 Oxidised nitrogen 
Nitrite is generally found in very low concentrations because of its intermediate 
oxidation state, which makes it chemically unstable.  It is quickly converted to the fully 
oxidised and chemically stable form of N, nitrate.  Nitrate, is most effectively removed 
in natural treatment systems by denitrification (Hammer, 1992; Bachand and Horne, 
2000).  Denitrification requires anoxic conditions and a supply of dissolved carbon to 
proceed.  The low redox conditions and plentiful supply of organic carbon found in 
anaerobic ponds facilitates rapid denitrification of any nitrate present in the influent.  In 
facultative ponds and SF wetlands, the oxygen gradient between the surface and the 
bottom sediments allows both aerobic and anoxic reactions to proceed, meaning 
denitrification can occur in tandem with nitrification (Reed et al., 1995; Kadlec and 
Knight, 1996).  Denitrification can also take place in anaerobic zones of the substrate 
and sediment layer into which nitrate can permeate from the water column.   Watson et 
al. (1989) claim that nitrate removal of greater than 95% is achievable in CWs with 
nitrification/denitrification coupling where dissolved carbon from the influent organic 
loading or from plant litter is sufficient. 
Despite contributions from nitrification, nitrate removal proceeds at a relatively rapid 
rate on account of the high kinetic rate of denitrification (Kadlec, 1995).  Being a more 
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prevalent gaseous loss mechanism than ammonia volatilisation, denitrification is also 
the main N removal pathway where nitrate is already the dominant N fraction or where 
nitrification of ammonia is prevalent.  In wetlands, plant uptake of nitrate is 
preferentially less than that of ammonia and is not considered a significant nitrogen 
removal pathway (Kadlec and Knight, 1996).  In poorly sealed treatment systems, 
nitrate losses may occur via leaching with seepage water. 
In a study by Bachand and Horne (2000) of wetlands receiving inflow containing 
predominantly nitrate mineral nitrogen and relatively low organic nitrogen, nitrate 
removal accounted for 94% of change in total nitrogen.  Denitrification rates were 
temperature dependent and regulated by the availability of carbon.  Differences in 
nitrate removal between various macrophyte species were attributed to differences in 
the carbon supply from litter fall as opposed to uptake rate that contributed only a small 
fraction of nitrate removal.   
A.2.1.4 Total nitrogen 
Due to the sequential character of biochemical processing of total nitrogen, achieving 
ideal conditions for total nitrogen removal can be difficult.  The high organic nitrogen 
and ammonia concentrations that typify agricultural effluents can cause accumulation 
of ammonia as nitrifying bacteria struggle to keep up with the TKN load.  High TKN 
levels are generally accompanied with high BOD, which further slows nitrification.  And 
while the organic substrate supplies carbon for the removal of denitrification, it 
competes for oxygen to limit the intermediate mineralisation step of nitrification (Kadlec 
and Knight, 1996).  Thus multi-stage treatment systems that allow individual N 
transformation steps to occur with less interference are likely to provide more effective 
removal.  
Net N removal is also tempered by atmospheric inputs including nitrogen in rainfall and 
dry fall such as adsorption of gaseous ammonia and deposition of organic dust 
containing nitrogen (Kadlec and Knight, 1996).  In wetlands removal is also limited by 
fixation of atmospheric N by macrophytes and subsequent contributions to the water 
column from the decomposition (mineralisation) of plant detritus.   These contributions, 
however, are negligible in heavily-loaded waste treatment systems. 
A.2.2 Phosphorus 
Phosphorus (P) is a conservative element in natural systems due to a lack of gaseous 
loss mechanisms (Kadlec and Reddy, 2001).  Thus long term removal in continuously-
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loaded ponds and wetlands occurs through accumulation in sediment and soil (Reed et 
al., 1995).  P in wastewater occurs mostly as inorganic polyphosphates and 
orthophosphates, and organic phosphorus.  Upon entering a WSP or CW these forms 
are readily interconverted by biochemical processes.  Organic phosphorus that is 
bound to particulate material is physically removed from the water column by 
sedimentation (Gale and Reddy, 1995).  Sediment and soil accretion provides 
phosphorus storage that alternates between deposition and erosion on a short-term 
basis (Kadlec and Knight, 1996).  A portion of settled organic P may be converted to 
soluble P and released to the water column by bacterial decomposition of the organic 
matrix (Gómez et al., 2000; Ortuño et al., 2000).  The remainder is relatively resistant 
to microbial breakdown and will remain as part of the sludge, which is considered a 
primary phosphorus sink (Kadlec and Reddy, 2001).   
The main removal mechanism for dissolved inorganic forms of phosphorus is 
adsorption onto positively-charged sites on in the sediment and soil (Gale and Reddy, 
1995).  The process is regulated primarily by the presence of oxidised iron and 
aluminium and to a lesser extent calcium carbonate (Reddy et al., 1998; Gómez et al., 
2000).  In acidic conditions, inorganic P is mostly present as monobasic (H2PO4-) 
phosphates that are sorbed by forming sparingly soluble complexes on the surface of 
iron (Fe) and aluminium (Al) oxyhydroxide clay mineral coatings through ligand 
exchange reactions.  Under alkaline conditions, dibasic (HPO42-) and tribasic (PO43-) 
phosphates are predominant and may be sorbed onto calcium (Ca) and magnesium 
(Mg) carbonates (Kadlec and Reddy, 2001).  When the soil/sediment is sufficiently 
oxygenated, adsorbed phosphate may precipitate to form an insoluble compound that 
becomes part of the sediment.  Incoming dissolved phosphorus can also be sorbed 
onto positively-charged complexes on suspended particulate matter and/or precipitated 
to eventually settle out and become part of the sediment (Cronk, 1996).  
Adsorption of phosphorus requires significant particle-water contact to allow diffusion 
from the water column to the sediment, placing an immediate constraint on the 
potential for phosphorus removal (Reddy et al., 1998).  Fine textured soils have 
greatest phosphorus sorption capacity due to higher clay content, whereas coarse-
textured, acidic or organic soils have the lowest capacity (Kadlec and Knight, 1996).  
Soils and sediments have a finite capacity for sorption that becomes saturated in the 
long term, further lowering removal efficiency and sometimes resulting in phosphorus 
release (Kadlec, 1997).  Adsorption capacity is reduced under high organic loadings 
and anaerobic conditions due to organic matter complexing Fe and Al at sorption sites 
(Reddy et al., 1998).  Under anoxic reducing conditions phosphorus can be also 
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desorbed and released to the water column when ferric iron (Fe3+) is reduced to ferrous 
iron (Fe2+) in poorly crystalline compounds (Patrick and Khalid, 1974; Gómez et al., 
2000).  Adsorption is therefore not necessarily a permanent phosphorus sink, although 
sorption capacity may be incrementally rejuvenated by precipitation reactions under 
alternating soil redox conditions (Patrick and Khalid, 1974).  In wetlands, some sorbed 
phosphorus may still be available for further cycling through plant uptake.  Sorbed and 
dissolved P may also leach from systems that are not adequately sealed. 
Soluble reactive forms of phosphorus may also be taken up by micro-organisms, algae 
and plants.  The most rapid uptake is by microbiota as these organisms grow and 
multiply at high rates.  Phosphorus removal may then occur when microbes settle out 
to become part of the sludge layer.  Again, however, this is not a permanent sink as 
these phosphorus accumulating organisms (PAO) are prone to ‘secondary release’ of 
phosphates.  Under anaerobic conditions and in the absence of nitrate, PAO consume 
readily biodegradable material and release assimilated phosphorus in the process 
(Stensel and Barnard, 1992; Shipin et al., 2000).  Algal growth in sparsely planted 
wetlands and facultative and aerobic ponds can provide additional phosphorus 
removal, although the export of planktonic algae can counter this effect (Kadlec and 
Knight, 1996).  Macrophytes in wetlands obtain and use phosphorus much more slowly 
as uptake occurs through the roots below the soil surface requiring that phosphorus 
diffuses into the soil pore water (Kadlec, 1997).  Ultimately, most phosphorus entrained 
in the biological cycle is returned via leaching from decomposing detritus, but an 
important residual is retained in long-term storage of sediment (Gale and Reddy, 1995; 
Watson et al., 1989; Kadlec, 1997).  
A.3 LAND APPLICATION (SOIL) SYSTEMS 
Nutrients applied to land in wastewater quickly become entrained in the natural cycling 
of nutrients in the soil.  The waste handling capacity of a land application system often 
depends on the ability of the soil to assimilate either P or N depending on the nutrient 
load of the wastewater and the nutrient status of the soil.  The chemistry associated 
with N and P cycling in the soil is similar to that in wastewater treatment systems 
described above.  Again a number of pathways exist for nitrogen removal while P 
remains conservative.  However, plant uptake and soil adsorption play more significant 




Nitrogen is an essential macronutrient in soil ecosystems that, in the presence of 
vegetative growth, undergoes similar cycling to that which occurs in treatment 
wetlands.  Organic-N in applied wastewater is subject to mineralisation 
(ammonification) while ammonia may be lost by volatilisation, nitrified, undergo ion 
exchange on the soil matrix, or be taken up by vegetation during the growing season.  
Nitrate (mostly from nitrified ammonia) may also be assimilated by vegetation, or 
denitrified under oxygen-limited conditions.  Being a highly mobile species, however, 
nitrate is more likely to leach through the profile with percolating water.   
N assimilation (and removal) in land application systems is achieved by crop uptake 
and harvesting (NSW EPA, 1995).  Plant available N in manure is the sum of the initial 
inorganic N and mineralised N, minus losses including volatilisation, immobilisation, 
denitrification, leaching and runoff (Mikkelson and Gilliam, 1995; Strong and Mason, 
1999).  A significant fraction of the total N in animal wastes, however, tends to be in 
organic form, which is not immediately available to plants (Zaman, et al., 1998; Barkle 
et al., 2000).  Mineralisation to available inorganic forms is slow, resulting in only a 
small fraction of total N applied being taken up by plants. (Edwards and Someshwar, 
2000).  Optimum utilisation of N in applied wastes is achieved when microbial 
transformations are in phase with growing plants, and labile compounds such as 
ammonium (NH4+-N) are low to avoid initial toxicity (Barker et al., 2000).  Inadequate 
loading or slow transformation can lead to nutritional deprivation of plants and toxicity, 
while excess loading and rapid turnover can lead to over-fertilisation or to gaseous, 
leachate or runoff losses.  Nitrogen cycling in land application systems is depicted in 
Figure A.1. 
Mineralisation of organic-N is influenced by soil type, temperature, moisture, aeration 
and pH, and the physio-chemical properties of the applied waste (Zaman et al., 1998).  
Wrigley (1994) points out the significance of the moisture status of the soil in relation to 
N mineralisation and subsequent uptake.  Moisture-limited systems display poor N 
assimilation due to slow rates of organic residue decomposition, ammonification, 
nitrification and plant uptake and growth.  Where moisture is in excess nitrate is readily 
leached and oxygen may become limited, resulting in denitrification and reduced root 





Figure A.1  Soil nitrogen cycle (adapted from Strong and Mason, 1999). 
Where aerobic conditions prevail, ammoniacal nitrogen that is not lost by volatilisation 
is readily nitrified.  Otherwise positively-charged ammonium ions move slowly with 
percolating water through the (generally) negatively-charged soil profile and are readily 
retained in the unsaturated zone through cation exchange and adsorption (Reed et al., 
1995; Ritter et al., 2000).  Ammonium will only continue to move through the profile to 
groundwater if CEC and adsorption capacity are exceeded.  In most instances, 
however, the soil is aerated enough to cause ammonium to be oxidised to nitrate, 
which is not chemically retained by the soil matrix.  Due to its negative oxidation state, 
nitrate is highly mobile and is easily transported through the soil to groundwater.  
Removal by plant uptake or denitrification can only occur over dry periods or during the 
hydraulic residence time of carrier water in the soil profile (Reed et al., 1995).  
Denitrification occurs under anaerobic, high oxygen demanding conditions (Loehr, 
1984) and is promoted by prolonged flooding and high biochemical oxygen demand 
(BOD5) wastewater (Loehr, 1984; Metcalf and Eddy, 1991). 
A.3.2 Phosphorus 
Due to the conservative nature of phosphorus (P), the P handling capacity of a land 
application system depends primarily on the P sorption capacity of the soil and its 

























of applied waste in terms of beneficial reuse (as fertiliser supplement) depends on its 
fraction of plant available P.  Phosphorus applied in animal wastes may be in organic 
or mineral forms, the mineral fraction being bioavailable.  Thus the immediate plant 
availability of the P content of a waste is governed by the percentage of P held in the 
organic fraction, which can be highly variable.  Organic P is a particularly stable P 
component, especially where pH is low and organic matter and nitrogen concentrations 
are high (Holford, 1997).  Long-term P availability is then determined by the rate of 
mineralisation of organic P by soil microbes, and also the specific adsorption 
characteristics of the soil (Edwards and Someshwar, 2000; Mikkelson and Gilliam, 
1995).  The various fractions, conversions and interactions of phosphorus in soil are 
depicted in Figure A.2 and are explained below. 
Inorganic (mineral) P added to the soil becomes part of a dynamic equilibrium between 
dissolved phosphates in the soil solution and adsorbed phosphates.  Inorganic P is 
thus divided into labile and non-labile fractions.  Labile P is adsorbed only to surface 
sites and may be isotropically exchanged as part of the equilibrium with the soil 
solution.  Non-labile P is tightly bound to soil particles by occlusion in crystalline 
minerals or in the iron and aluminium hydroxide coatings on minerals and is not in 
direct equilibrium with the soil solutions (Dili, 1999; Barker et al., 2000).  Labile P is 
immediately available to plants as it is readily dissolved to replenish inorganic P 
consumed from the soil solution.  Its behaviour is governed by adsorption/desorption 
ligand exchange reactions (see section A.2.2) between phosphate in solution and clay 
minerals (Moody and Bolland, 1999).  Depleted adsorbed labile P is replenished by the 
release of occluded non-labile P, which mobilises very slowly due to lack of exposure 




Figure A.2  Soil phosphorus cycle (adapted from Moody and Bolland, 1999). 
Availability of inorganic phosphates is also limited by precipitation, the extent of which 
is influenced by the phosphate concentration in the soil pore water.  At low 
concentrations, soluble phosphates are mostly adsorbed to clay mineral surfaces and 
remain part of the plant available labile pool.  At higher concentrations inorganic P is 
precipitated as a mineral compound to become part of the soil matrix (Holford, 1997).  
Chemical precipitation (fixation) immobilises P, effectively removing it from the 
available pool.  Precipitation can be virtually irreversible and plays an important role in 







Table B.1  Mean contaminant concentrations in effluent from waste stabilisation ponds treating dairy shed waste.  Corresponding treatment efficiencies are given in 
parentheses.  Figures in italics denote influent concentrations. 
Source Pond configuration BOD5 (mg/L) COD (mg/L) TS (mg/L) TSS (mg/L) 
Organic-N 
(mg/L) NH3-N TP (mg/L) EC (dS/m) 
Sukias et al. (2001)  Two-stage anaerobic/aerobic 73 185 13.1 39.6 0.169 
Longhurst et al. (2000)  Anaerobic 180 29  
 Aerobic 91 23  
Sweeten and Wolfe (1994) Anaerobic 1480 (76.9) 2088 (62.3) 839 (70.9) 9.9 (59.1) 161.4 (35.0) 53 (38.1) 2.82 (23.8) 
 Aerobic 650 (56.1) 1644 (21.3) 480 (42.8) 6.3 (36.7) 116.5 (27.8) 39 (25.7) 2.42 (14.1) 
 Anaerobic 5467 (10.2) 5068 (1.2) 2333 (-7.1) 22 (21.4) 267 (12.7) 55 (4.3) 4.14 (3.6) 
 Anaerobic 3619 (34.8) 3551 (26.1) 1953 (24) 13.6 (31.9) 182.4 (26.8) 35 (9.6) 3.00 (18.5) 
 Aerobic 394 (89.1) 1497 (57.8) 831 (57.5) 4.5 (66.9) 117.6 (35.5) 3 (90.1) 2.00 (33.3) 
Windeyer (1994)  Two-stage anaerobic/aerobic 54 (97) 139 (98) 14.5 (90) 2.6 (93) 7.7 (79) 0.9 (29) 
Hickey et al. (1989)  Two-stage anaerobic/aerobic 88 197 81 25.7 0.157 
Loehr (1984) Facultative (96) (92) (90)  
Bezdicek et al. (1977) Anaerobic 15262 (46) 16794  (46.4) 627 290 140 5.87 
Data obtained from analysis of effluents from various pond systems. 
Percentage reduction figures are estimates based on unpublished influent concentration data from an earlier study.
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Table B.2  Regression analyses of performance data from constructed wetlands treating livestock 
operation and general wastewaters in the US.  The coefficient of determination (R2) is given in 
parentheses. 
General wastewater applications 
Livestock wastewater 
applications Parameter 
Reed et al. (1995) Kadlec and Knight (1996) Knight et al. (2000) 
TSS C = C0 (0.1139 + 0.00213q) C= C* = 0.16 C0 + 5.1 (0.23) C = 2.334C00.582q0.227 (0.30) 
BOD5 C = 0.192C0 + 0.097q C = 0.173C0 + 4.70 (0.62) C = 0.766C00.878 (0.74) 
COD   C = 1.042C00.851q0.259 (0.89) 
Organic-N  C = 1.00C00.476 (0.52)  
NH3-N C = 18.31C0q – 0.16063 C = 0.336C00.728q0.456 (0.44) C = 0.682C00.874q0.319 (0.70) 
NO3-N  C = 0.093C00.474q0.745 (0.35)  
TKN  C = 0.569C00.840q0.282 (0.74)  
TN C = 0.193C0 + 1.55ln(q) – 
1.75 C = 0.409C0 + 0.122q (0.48) C = 0.358C0
1.016q0.226 (0.81) 




Table B.3  Average first-order model coefficients for surface flow treatment wetlands.  Range is given in parentheses.  Values in Italics represent data from wetlands treating 
wastewater from livestock operations. 
Parameter Removal rate constant, k (m/d) Background concentration, C* 
(mg/L) 
Temperature coefficient, θ Removal rate constant 
adjusted to 20 °C, k20 (m/d) 
Source 
TSS k = settling rate, w C* = C = 0.158 C0 + 5.1 1.00  Kadlec and Knight (1996) 
  20  1.01 0.058 (0.008 – 0.140) Knight et al. (2000) 
BOD5  0 1.06 0.002  Reed et al. (1995) 
 0.093 (0.017 – 0.257) 6.2 (1.1 – 13.9), or C
* = 3.5 + 
0.053C0 
1.06 0.093 Kadlec and Knight (1996) 
   0.977 (0.913 – 1.041)
 a or 
0.983 (0.900 – 1.015)b  Kadlec and Reddy (2001) 
  8  1.03 (0.94 – 1.07) 0.060 (0.019 – 0.186) Knight et al. (2000) 
Organic-N 0.028  (0.012 – 0.059) 1.5 (0.0 – 2.1) 1.05 0.047 Kadlec and Knight (1996); Kadlec (1995) 
  1.6 (1.3 - 2.0) 1.023 (0.988 - 1.067) 0.066 (0.024 – 0.216) Kadlec and Reddy (2001) 
NH3-N  0 0 (0°C), 1.15 (1-10°C) or 1.048 (10°C +) 
0 (0°C), 0.0004 (1-10°C) or 
0.0006 (10°C +)  Reed et al. (1995) 
 0.012 (-0.008 – 0.061)  0 1.04 0.049  Kadlec and Knight (1996); Kadlec (1995) 
  0.0 1.080 (1.042 – 1.109) 0.049 (0.025 – 0.068)  Kadlec and Reddy (2001) 
  3  1.05 0.027 (-0.003 – 0.071)  Knight et al. (2000) 
NO3-N  0 0 (0°C) or 1.15 (10°C +) 0 (0°C) or 0.003 (10°C +)  Reed et al. (1995) 
 
 0.076 (0.029 – 0.173)  0 1.09 0.096  Kadlec and Knight (1996); Kadlec (1995) 
  0.0 1.106 (1.042 – 1.163) 0.128 (0.041 – 0.218) Kadlec and Reddy (2001) 
TN 0.042 (0.002 – 0.182) 1.5c 1.05 0.060 Kadlec and Knight (1996); Kadlec (1995) 
  0.50 (0.0 – 2.0) 1.092 (1.081 – 1.116) 0.053 (0.017 – 0.100) Kadlec and Reddy (2001) 
 
  10  1.06 0.038 (0.014 – 0.088) Knight et al. (2000) 
TP 0.027 0 - - Reed et al. (1995) 
 0.033 1.50 1.0 0.033 Kadlec and Knight (1996) 
 0.033 0   Kadlec (1995) 
  0.0 1.006 (0.995 – 1.020) 0.032 (0.017 – 0.073) Kadlec and Reddy (2001) 
  2  1.05 (0.99 – 1.14) 0.022 (0.005 – 0.049) Knight et al. (2000) 
 Apparent removal rate constants 
Volumetric removal rate constants (d-1) 
 Assumed values 
a C* indeterminant or set to zero 
b C* ≠ 0 
c Assumed equivalent to sum of individual nitrogen species 
 
 
Table B.4  Physical design parameters of surface flow constructed wetlands treating dairy shed waste. 
Source Pretreatment Number and 
arrangement of cells
Disposal HRT (d) Surface Area 
(m2) 
Cell Aspect ratio Depth (m) Hydraulic 
loading, q 
(cm/d) 
Knight et al. (2000)  Various Various Various <1000 5
Newman et al. (2000) None 3 parallel Subsurface 41 400 11.3:1 4.70
Schaafsma et al. 
(2000)* Settling basin 1 Overland flow 42 553 6.7:1 0.15
Geary and Moore 
(1999) 
Anaerobic-




Settling basin 1 No discharge 48 553 6.7:1 0.15 0.63
None 2 × 3 parallel in series 
Surface water 
drain 259.84 14:1 and 12:1 0.1-0.2 0.15Holmes et al. (1994); 
Holmes et al. (1995) 
Settling basin 2 × 3 parallel in series 
Surface water 
drain 259.84 14:1 and 12:2 0.1-0.2 0.15
Skarda et al. (1994) Solids screen dilution 6 parallel Recycled 7 1218 4:1 0.3 2.66
Reaves et al. (1994)  Solids trap 3 parallel 
Recycled or land 
application 1116 10:1
Knight et al. (2000)  Various Various Various 6000 6.5:1 0.38 4.70
Analysis of collated data from various wetlands treating dairy shed waste 
Data from first cell only 
 
Analysis of data from various wetlands treating all forms of livestock operation wastewaters 
 
Table B.5  Mean contaminant concentrations in effluent from surface flow constructed wetlands treating dairy shed waste.  Corresponding treatment efficiencies are given 
in parentheses. 
Source TSS (mg/L) BOD5 (mg/L) COD (mg/L) NH3-N (mg/L) TKN (mg/L) TP (mg/L) EC (dS/m) 
Knight et al. (2000)  592 (47) 141 (68) 946 (53) 42 (60) 51  (51)  
Newman et al. (2000) 130 (90, 94 ) 611 (76, 85 ) 52.26 (-577, -360 ) 73.48 (28, 53 ) 14.07 (45, 68 ) 0.692 (27) 
Schaafsma et al. (2000)* 280 (67) 490 (77) 105 (13) 30 (56) 2.68 (29) 
Geary and Moore (1999) 90 (59,61 ) 105 (17, 25.6 ) 166 (27) 48.9 (18, 27.7 )  
Cronk and Shirmohammadi (1994) 140 (97) 2980 (51) 73 (-11) 175 (14) 62 (-9) 2.2 (-5) 
15 (91) 114 (77) 5.2 (74) 2.8 (83)  Holmes et al. (1994); Holmes et al. 
(1995) 18 (81) 87 (70) 4.4 (70) 2.4 (82)  
Skarda et al. (1994) 76 (73) 138 (61) 481 (47) 29.5 (54) 39.6 (57) 4.9 (66)  
Reaves et al. (1994)  280 (60) 376 (72) 68.0 (72) 202.6 (69) 24.1 (57) 0.84 (24) 
Knight et al. (2000)  273 (53) 93 (65) 536 (47) 63.7 (48) 147.5  (42%) (21) 
Analysis of collated data from various wetlands treating dairy shed waste. 
Total nitrogen (TN) concentration. 
Percentage mass removal. 
*Data approximated from graphical presentation. 
Data from first cell only. 
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Table C.1  1996 monitoring data (van Owen, 2001). 
Sample Temperature pH TSS EC BOD5 TKN NH3-N NO3-N TP 





30/01/1996 18.1 307 1664 400 66.0 0.0 16.5
20/02/1996 18.7 7.6 283 1696 107 68.0 0.0 18.8
27/05/1996 8.7 7.6 243 1800 118 87.0 0.0 19.4
30/10/1996 14.8 7.6 260 1962 130 136.0 103.0 0.0 21.1
 
WETLANDS 
30/01/1996 20.0 159 1097 90 12.0 1.0 4.9
20/02/1996 20.2 8.4 95 968 38 1.7 1.2 2.4
27/05/1996 9.4 7.4 132 1340 45 50.0 17.4 1.7 9.9





27/05/1996 6.8 8 465 1 0.2 0.6 0.1




27/05/1996 6.9 13 732 2 1.5 1.1 0.3
30/10/1996 14.9 7.2 75 713 7 3.9 0.6 0.2 0.6
Appendix C 
Table C.2  1999 monitoring data (Fyfe, 1999). 
Sample pH TSS COD BOD5 NO3-N TP 
    (mg/L) (mg/L) (mg/L) (mg N/L) (mg P/L) 
   
Effluent   
   
PONDS   
21/06/99 180 790 142  
26/07/99 7.92 103 731 114 0.00 39.7
16/08/99 7.51 200 750 114 0.00 31.1
   
WETLANDS   
21/06/99 66 380   
26/07/99 7.70 66 399 96 0.15 33.8
16/08/99 7.57 71 400 96 2.03 26.0
   
Creek water   
   
UPSTREAM   
21/06/99 12 25   
26/07/99 7.32 10 32 3 0.00 0.0
16/08/99 7.72 4 10 1 0.00 0.2
   
DOWNSTREAM   
21/06/99 7 95 9  
26/07/99 7.10 6 62 14 2.76 3.4
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Table D.1  Wastewater parameters 
Sample Temperature pH EC TSS TS BOD5 COD 
 (ºC)  (dS/m) (mg/L) (mg/L) (mg/L) (mg/L) 
    
22/3/00    
Solids Trap 16.5 8.38 779  
Ponds 18 7.58 95  
Wetlands 18 7.58 35  
Upstream 16.5 6.95 4  
Downstream 16.5 7.03 7  
    
14/9/00    
Solids Trap 12.5 8.97 1.845 1380 873 3335 
Ponds 10 7.88 2.31 295 108 1352 
Wetlands 10 7.81 2.01 91 71 502 
Upstream 9.5 7.33 1.04 6 11 17 
Downstream 8.2 7.37 1.2 32 27 92 
    
23/11/00    
Solids Trap 16.8 8.26 1.965 1860 4153 933 4813 
Ponds 17.9 7.53 1.929 196 1294 83 918 
Wetlands 21.6 7.83 1.576 108 1199 60 545 
Upstream 20.8 7.29 0.666 4 492 4 54 
Downstream 20.3 7.03 0.669 18 497 9 89 
    
15/2/01    
Solids Trap 18.6 8 2.08 2580 3992 994 4773 
Ponds 21.3 7.65 1.987 165 1330 54 535 
Wetlands 21.5 7.52 1.526 61 1203 26 400 
Upstream 21.4 6.96 0.762 27 542.5 13 63 
Downstream 21.2 6.82 0.766 49 571.5 17 71 
    
17/5/01    
Solids Trap 16 8.08 2.12 2475 4043 1068 4240 
Ponds 12.9 7.68 2.23 450 1706 108 873 
Wetlands 13.3 7.39 1.781 110 1379 49 507 
Upstream 12.7 6.91 0.819 10 514 2 38 
Downstream 12.9 6.87 0.85 50 620 6 71 
    
19/7/01    
Solids Trap 10.9 8.19 2.88 1750 3988 914 3797 
Ponds 7.5 7.82 2.35 413 1651 143 1110 
Wetlands 7.3 7.76 1.975 131 1306 82 497 
Upstream 6.6 6.92 0.823 1 538 1 20 




Table D.2  Nutrient content 
Sample TP DRP TKN NH3-N Organic-N NO3-N 
 (mg P/L) (mg P/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) 
   
22/3/00   
Solids Trap   
Ponds   
Wetlands   
Upstream   
Downstream   
   
14/9/00   
Solids Trap 40.02 7.69 261.35 71.87 189.48 1.503
Ponds 38.89 23.11 202.55 151.32 51.23 6.736
Wetlands 29.45 22.16 97.91 59.27 38.65 6.031
Upstream 0.10 0.00 0.14 0.04 0.10 0.003
Downstream 1.99 1.19 4.50 2.81 1.68 0.533
   
23/11/00   
Solids Trap 41.59 14.94 264.11 73.78 190.33 2.502
Ponds 30.91 24.85 176.07 106.58 69.49 5.770
Wetlands 26.03 19.54 97.21 55.66 41.55 3.766
Upstream 0.07 0.03 1.24 0.06 1.18 0.000
Downstream 1.30 1.01 4.34 2.07 2.27 0.000
   
15/2/2001   
Solids Trap 50.29 16.13 249.15 71.20 177.96 
Ponds 31.98 30.61 100.33 79.04 21.29 
Wetlands 26.44 23.30 48.17 33.30 14.87 
Upstream 0.06 0.03 1.70 0.03 1.68 
Downstream 1.42 0.90 3.99 1.65 2.34 
   
17/5/01   
Solids Trap 49.85 18.37 265.11 73.47 191.63 2.043
Ponds 32.71 30.52 146.26 118.30 27.95 6.824
Wetlands 28.98 23.23 66.75 53.27 13.48 4.420
Upstream 0.05 0.02 0.83 0.03 0.81 0.000
Downstream 1.55 1.11 3.91 1.87 2.03 0.010
   
19/7/01   
Solids Trap 34.74 14.04 318.48 67.96 250.52 
Ponds 33.08 26.67 172.36 112.69 59.66 
Wetlands 29.31 19.48 92.32 62.84 29.48 
Upstream 0.02 0.00 0.16 0.02 0.14 
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Table E.1  Monthly temperature ranges - 2000 and 
2001.  (Source: Bureau of Meteorology, 
Bowral, Station number 68102). 
Month Mean minimum 
air temperature 
(°C) 






































Total   609                     
Table F.1  Rainfall data 
Sydney Water Environmental Measurement Services 
               
Station 568099 MITTAGONG (Leicester Park)        
Variable 10.0 Rainfall in millimetres         
Figures area for period ending 2400 hours.         
               
2000              
Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
                          
1     0.5   1.5     0.5 1   2 5.5 
2 7.5     3.5 5.5   6.5 0.5 2   0.5 0.5 
3 1     0.5 10   5.5       6   
4 9   5   4.5   2.5 0.5         
5     3.5 21.5 6 0.5         3.5   
6     2.5 1.5     1       1 7.5 
7     7         0.5 3.5   2 1 
8 1.5   19.5             1.5     
9 0.5   36.5       0.5 1 0.5 8     
10     0.5   1               
11     2.5 0.5   2.5 0.5           
12 1 9.5       1         13   
13   1           5   9.5 8.5 2 
14 0.5 0.5   0.5   0.5         58 0.5 
15     0.5               33.5   
16 1     4.5     0.5       12   
17 3.5   2       2       10.5   
18 0.5         2.5     0.5 7 7.5 19 
19     7   0.5 2       14 3.5   
20     18     0.5         1.5   
21     26       0.5     0.5 0.5   
22   1 6.5                   
23   1 6.5 0.5   0.5   1       2.5 
24     0.5         0.5 3 2.5 1   
25         4 0.5     4.5       
26 1.5 4   4         12       
27 2.5     1 0.5 1.5 2.5   6       
28 1.5     1 2.5 0.5 0.5 2.5 6.5       
29   0.5       12         1.5   
30         1.5 41         1   
31                         
                          
Mean 1 0.6 4.7 1.3 1.2 2.2 0.7 0.4 1.3 1.4 5.6 1.2 
Maximum 9 9.5 36.5 21.5 10 41 6.5 5 12 14 58 19 
Minimum 0 0 0 0 0 0 0 0 0 0 0 0 
Total 31.5 17.5 144.5 39 37.5 65.5 22.5 12 39.5 43 167 38.5 
Rainfall from March 00 to Dec 00                   
Rainfall     144.5 39 37.5 65.5 22.5 12 39.5 43 167 38.5 
Days     31 30 31 30 31 31 30 31 30 31 
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Days   306                     
Mean daily average  1.9902                     
                          
2001              
Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
                          
1   31     0.5 0.5   1 1 0.5     
2   5.5 14   0.5   0.5 0.5 3 13.5     
3   1.5               4.5     
4 1.5 8               1     
5 10 21     15.5         7 5.5   
6   8.5 5   4   6       13.5   
7 7 2.5 3   1       1   9 17
8     1.5   2.5 0.5     0.5 4.5   1
9     4.5 8.5 0.5 0.5 8.5     0.5 1.5   
10 0.5 0.5 3 0.5   1 15           
11     2 0.5   1.5 3     8     
12     1.5   0.5   0.5   23.5   2.5   
13           0.5 0.5   0.5 2.5 1   
14   8 1.5       0.5     2 0.5   
15                     0.5   
16   0.5 4                 0.5
17 4.5   6         3.5       1
18 7               1   9.5   
19 1     0.5             3   
20 0.5     30         5.5   3.5   
21   12 1.5 19             0.5   
22       9.5 1.5     1         
23       0.5 3   0.5           
24             1.5     2.5 1 2.5
25 43           2.5           
26 1.5           18.5 8.5 0.5       
27 4 1         4 55         
28 2 3.5     1.5     6.5         
29       0.5 2.5   1 10         
30 0.5         0.5 2 0.5     0.5   
31 9.5   0.5   0.5             0.5
                          
Mean 3 3.7 1.5 2.3 1.1 0.2 2.1 2.8 1.2 1.5 1.7 0.7
Maximum 43 31 14 30 15.5 1.5 18.5 55 23.5 13.5 13.5 17
Minimum 0 0 0 0 0 0 0 0 0 0 0 0
Total 92.5 103.5 48 69.5 34 5 64.5 86.5 36.5 46.5 52 22.5
Rainfall Jan 01 - Jul 01                     
Rainfall 92.5 103.5 48 69.5 34 5 64.5           
Days 31 28 31 30 31 30 31           
Total   417                     
Days   212                     
Mean daily average  1.967                     
                          
Study Period    Notes          
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       All recorded data is continuous and reliable     
Total   1026  except where the following tags are used...     
Days   518  $ ... Good quality daily read      




      101.2 75.3 67.1 49.7 53.8 80.7 133.9 144.1 100.2 200.6
Table F.2  Evaporation data 
Sydney Water Environmental Measurement Services 
               
Station 66811 WINGECARRIBEE       
Variable 700.0 Evaporation from a U.S. Class A pan in Millimetres     
Figures area for period ending 2400 hours.       
               
2000              
Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
                          
1 4.9 4.6 4.5 3.3 2.1 2.5 1.3 2.3 3.8 9.1 2.2 3.9
2 4.2 6.2 6.3 1.5 0.7 1.7 0.9 2.2 3.9 5.9 1.9 3.8
3 5.1 8.1 6.3 3.3 0.8 1.7 0.5 1.3 4.1 5.7 2.7 5.6
4 6.1 9.2 3.6 3.6 0.6 1.6 0.3 2.1 4.7 4.2 4.1 5.9
5 5.6 11.5 1.6 3.3 1.7 2.1 0.6 1.9 5.7 5.7 3 6.6
6 5.9 5.4 0.9 2.3 2.5 2.3 0.9 1.3 5.6 7.9 2.4 3.5
7 5.4 4.4 3.2 2.5 2.3 1.9 1.3 1.7 3.5 8 3.5 2.1
8 4.2 7.5 5 2.5 1.8 1.4 1.9 2.6 4.1 5 3.3 6.1
9 3.8 9.1 4.2 2.1 2.1 1.7 1.7 3.6 5 1.3 3.8 6
10 4.6 9.7 2.1 3 1.9 1.7 1.4 4.7 3.9 4.3 4.9 5.9
11 4.4 9.4 2.3 3 1.3 1.7 1.3 3.8 5.6 4.7 3.4 5.8
12 3.3 4.7 3.1 1.8 2.1 1.4 2.4 2.2 3.9 4.7 2.4 8.8
13 5.4 2.4 3 2.2 3.7 0.9 1.8 1.2 3.1 2.9 2.8 7.4
14 5.9 2.1 4.1 3 3 1.2 0.5 2.8 4.8 6 3.3 2.5
15 5.7 3 2.8 3.2 2.2 [   ] 1.1 2.9 3.6 5.6 1.5 3
16 4.8 4.7 1.8 2.7 1.8 [   ] 1.6 1.7 3.1 5.2 0.1 5.4
17 4 6.2 3 3 2.1 1.3 1.3 2.3 5.4 3.6 1.8 7.3
18 4.5 6.5 5.1 2.8 2.2 0.8 0.9 1.8 6.1 1.7 3.2 4.5
19 7.9 7.2 3.5 1.8 1.6 0.8 2.3 1.4 6.6 2.4 1.4 5.9
20 12.5 6.8 2.1 2.6 2.7 1.1 3.6 2.3 4.9 3.3 2.1 6.6
21 12.3 5.6 1.9 3.9 2.4 2 4 2.6 5 3.7 3.4 9.7
22 7.6 4.1 1.8 3.1 1.8 3 3.4 3 6.3 2.8 3.3 11.2
23 5.5 3.4 2.4 1.9 2.6 1.9 2.1 2.4 4.6 4.3 5.4 8.5
24 5.1 4.9 2.4 2.2 2.3 1 2.8 1.6 3.4 3.5 3.9 10
25 3.4 6.2 2.1 1 1.9 1.6 3.6 3.4 1.7 5 2.8 11.3
26 2.7 7.8 2.9 1.1 2.6 1.6 2.6 4 0.6 5.2 5.3 11.6
27 2.8 4.1 3.8 1.9 2.9 1.2 1.7 3.6 3.6 7.7 7.1 9.9
28 3.8 3.4 3.7 1.2 3.9 1.5 1 2.9 3.5 6.1 5.4 7.2
29 3.6 3.6 3.4 2.4 2.7 4.5 1.3 3 5.9 4.1 3.4 5.6
30 3.8   3.8 3.2 2.2 3.2 1.9 3.8 8 2.4 6.4 4.2
31 4.2   4.5   2.5   1.6 4.6   2.1   4.6
                          
Mean 5.3 5.9 3.3 2.5 2.2 1.8 1.7 2.6 4.5 4.6 3.3 6.5
Maximum 12.5 11.5 6.3 3.9 3.9 4.5 4 4.7 8 9.1 7.1 11.6
Minimum 2.7 2.1 0.9 1 0.6 0.8 0.3 1.2 0.6 1.3 0.1 2.1
Total 163.1 171.8 101.2 75.3 67.1 49.7 53.8 80.7 133.9 144.1 100.2 200.6
Missing Days 0 0 0 0 0 2 0 0 0 0 0 0
Evaporation Mar 00 to Dec 00                   
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      31 30 31 30 31 31 30 31 30 31 
TOTAL   1006.6                     
Days   306                     
Mean daily average 3.2895                     
                          
                          
2001              
Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
                          
1 5.9 1.8 2.5 3.3 1.3 1.2 1.4 2.5 1.9 4.3 8.1 6.2 
2 7.4 2.3 3.1 2.4 1.3 2.2 1.1 1.8 2 6.9 6.6 6.8 
3 9.1 2.5 3.4 1.3 1.5 2 0.7 2 2.2 6.4 3.6 7.3 
4 8.5 6 3 2.9 3.2 1 0.6 2.4 1.4 4.1 3.8 8.3 
5 3.4 5.7 4.4 3.4 1.8 1.3 1.2 4.9 2.6 3.3 6 4.4 
6 0.3 1.9 4.1 3.7 2.5 1.9 2.2 4.3 3.8 5.6 6.7 2 
7 1 1.6 3.4 3.9 2.4 1.1 1.3 1.1 1.6 6.6 4.5 5.3 
8 3.3 3.8 3.7 3.3 1.1 0.9 1.1 2 4.1 4.6 2.3 4.2 
9 2.8 7.8 3.3 3.4 0.8 2 0.5 3.4 4.8 3.2 2 2.7 
10 4.3 5.9 1.8 2.1 1.1 2.1 2.1 4.2 3.1 3.7 3.8 8.4 
11 6.9 1.5 0.9 4.7 2.3 1.2 1.8 3.2 2.2 2.8 6.3 8.9 
12 7.6 3.6 2.6 4.4 1.8 0.9 1.1 2.5 2.4 3.7 7.4 5.2 
13 4.4 5.4 3.5 2.7 1.5 2.4 1.8 1.1 2.8 5.1 5.3 4.9 
14 4.3 3.1 2.7 3 1.7 3.3 1.7 1.1 3.6 4.1 3.5 5 
15 9.4 2.4 3.4 3.4 1.8 3 2.3 2.7 3.8 4.1 3.4 2.4 
16 5.5 2.3 4.7 2.9 3.3 2.2 2.7 6 4.4 4.5 3.3 3.2 
17 3.3 2.1 6.2 3.4 3.5 1.3 2.8 7.9 3.2 5.2 5.8 3.8 
18 4 3.2 4.8 3.9 2.4 0.7 2.5 5.1 2.3 6.4 7 4.2 
19 4.3 4.8 3 4.7 1.6 1.1 1.7 4.2 2.4 5.9 4.4 6.2 
20 6.2 4.5 3.4 2.6 1.5 2.8 1.5 4.9 4 4.5 1.9 5.9 
21 4.7 3.8 4 1.7 1.5 2.7 1.8 5 3.6 3.3 1.6 6.7 
22 7 3.9 3.8 1.6 1.4 1.9 1.1 4.4 3.7 4.5 3.1 6 
23 8.5 5.3 5.2 3 1.5 1.8 0.4 3 3.1 6.3 3.7 6.2 
24 3 5.3 4.2 3.1 2.1 2 1.3 2.5 4 4.9 3.6 10.8 
25 4.1 4.3 3.1 3.5 2 2.7 0.7 2.8 5.6 5.8 8.2 14.3 
26 5.6 5.9 4.2 2.7 1.9 2.2 0.7 4.3 3.8 7.6 8.3 13.8 
27 4.6 6.5 5.7 2.4 1.6 1.8 1 2.4 4.1 7.4 4.6 9 
28 3.5 5.2 4.3 2.1 1.8 1.6 1.4 1.5 3.9 4.5 3.3 7.5 
29 2.6   3.2 1.8 1.2 1.7 0.8 2.4 3.3 5.6 4.8 8.2 
30 1.4   2.4 1.7 1.2 1.4 0.8 1.3 4.5 7.7 4.5 5.3 
31 1.4   2.9   1.2   1.6 1.9   8   8.3 
                          
Mean 4.8 4 3.6 3 1.8 1.8 1.4 3.2 3.3 5.2 4.7 6.5 
Maximum 9.4 7.8 6.2 4.7 3.5 3.3 2.8 7.9 5.6 8 8.3 14.3 
Minimum 0.3 1.5 0.9 1.3 0.8 0.7 0.4 1.1 1.4 2.8 1.6 2 
Total 148.4 112.4 110.9 88.9 56 54.4 43.9 98.8 98.4 160.6 141.7 201.4 
Evaporation from 1 Jan 01 to 19 Jul 01                 
                          
  148.4 112.4 110.9 88.9 56 54.4 43.9           
  31 28 31 30 31 30 31           
TOTAL   614.9                     
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Days   212                     
Mean daily average 2.9005                     
                          
                          
Study Period    Notes          
       All recorded data is continuous and reliable     
Total   1621.5  except where the following tags are used...     
Days   518  $ ... Good quality daily read     








Total 9.5            
              
Plate cooler overflow Uncontaminated water flows into treatment system prior to wash down       
Flowrate in (m3/h) 3.8 (L/s) 1.047198          
Storage tank radius (m) 2.0            
Storage tank surface area (m2) 12.6            
Storage tank depth (m) 1.1            
Table G.1  Wastewater and additional flows from the dairy 
Flowrates                       
Parlour hose             
        Average Cumulative Average    
Time (s) 135 195 235 275 325 365  1530     
Volume (L) 150 200 250 300 350 400  1650     
Flowrate (L/s) 1.1111111 1.02564103 1.06383 1.090909 1.076923 1.09589 1.077384 1.1     
Flowrate (m3/min) 0.0666667 0.06153846 0.06383 0.065455 0.064615 0.065753 0.064643 0.1     
              
Yard hose             
    Average Cumulative average        
Time (s) 57 73  130         
Volume (L) 350 450  800         
Flowrate (L/s) 6.1403509 6.16438356 6.152367 6.2         
Flowrate (m3/min) 0.3684211 0.36986301 0.369142 0.4         
              
Wash down time             
Measurement  1 2 3 4 5 6 7 8 9 Average 
Parlour am 3 4 4 4 6 4 7 5 6 5 
  pm 11 13 14 13 14 16 13 14 14 14 
  total 14 17 18 17 20 20 20 19 20 18 
              
Yard am 21 19 20 20 19 23 18 20 21 20 
              
Flows             
Parlour am (m3/d) 0.3            
Parlour pm (m3/d) 0.9            
Yard (m3/d) 7.4            
Milking equipment (m3/d) 0.9            
 
Storage tank volume (m3) 13.8 (Imp gal) 3040.697          
Plate cooler operation Morning Afternoon Total          
(min) 100 80           
Inflow 6.3 5.0           
Water used from tank (m/d) 0.4 0.1           
Volume water stored (m3/d) 5.0 1.6           
Volume overflow (m3/d) 1.3 3.5 4.7                 
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Table G.2  Stabilisation ponds water balance 
Inflow from Dairy shed (m3) 9.5
    
Rainfall additions   
Rainfall 2000 (mm) 609
Rainfall 2001 (mm) 417
Total (m) 1.026
Daily mean (m/d) 0.0019807
Shed area (m2) 560
Runoff (m3) 1.1091892
Anaerobic pond surface area (m2) 390
Rain into anaerobic pond (m3) 0.8
Aerobic pond surface area (m2) 995
Rain into aerobic pond (m3) 2.0
Total pond surface area (m2) 1385
 Rainfall + Runoff Volume (m3) 3.9
    
Evaporation losses   
Evaporation 2000 (mm) 1006.6
Evaporation 2001 (mm) 614.9
Total (m) 1.6215
Daily mean (m/d) 0.0031303
Pan factor 0.8
Evaporation from anaerobic pond (m3) 1.0
Evaporation from aerobic pond (m3) 2.5
Evaporation Volume (m3) 3.5
    
Seepage losses   
Anaerobic pond seepage rate (m/d) 0.001
Submerged area (m2) 400.0
Seepage from anaerobic pond (m3/d) 0.4
Fraction of anaerobic pond depth 0.6
Aerobic pond seepage rate (m/d) 0.0005556
Submerged area (m2) 1020
Seepage from aerobic pond (m3/d) 0.6
Total seepage (m3) 1.0
    
TWO-STAGE DAILY INFLOW (m3) 9.5
Anaerobic pond outflow (m3) 14.7
Aerobic pond outflow (m3) 13.6
TWO-STAGE DAILY OUTFLOW (m3) 13.6
    
Anaerobic pond surface area (m2) 390
Aerobic pond surface area (m2) 995
Total pond surface area (m2) 1385
Anaerobic pond volume (m3) 535
Aerobic pond volume (m3) 1070
Total pond volume (m3) 1605
    
Flow through anaerobic pond (m3/d) 12.1
Flow through aerobic pond (m3/d) 14.2
FLOW THROUGH TWO-STAGE PONDS (m3/d) 11.5
    
Anaerobic pond HLR (m/d) 0.038
Aerobic pond HLR (m/d) 0.014
HYDRAULIC LOADING RATE (m/d) 0.010
    
Anaerobic pond HRT (d) 36
Aerobic pond HRT (d) 79
TWO-STAGE PONDS HRT (d) 115
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Table G.3  Constructed wetlands water balance 
Inflow from ponds (m3) 13.6 
    
Rainfall and Runoff inflow   
Rainfall 2000 (mm) 609 
Rainfall 2001 (mm) 417 
Total (m) 1.026 
Daily mean (m/d) 0.001981 
cell 1 surface area (m2) 800 
Rain into cell 1 (m3) 1.6 
cell 2 surface area (m2) 1890 
Rain into cell 2 (m3) 3.7 
Total wetland surface area (m2) 2690 
 Rainfall Volume (m3) 5.3 
Rate 0.001981 
    
Eavporation losses   
Evaporation 2000 (mm) 1006.6 
Evaporation 2001 (mm) 614.9 
Total (m) 1.6215 
Daily mean (m/d) 0.00313 
Pan factor Cell 1 0.8 
Pan Factor Cell 2 0.8 
Evaporation from cell 1 (m3/d) 2.0 
Evaporation from cell 2 (m3/d) 4.7 
Evaporation Volume (m3/d) 6.7 
Rate 0.002504 
    
Seepage losses   
Cell 1 fractional depth 0.2 
Seepage rate (m/d) 0.000222 
Cell 1 submerged area (m2) 816.0 
Cell 1 seepage (m3/d) 0.2 
Cell 2 fractional depth 0.3 
Seepage rate (m/d) 0.000333 
Cell 2 submerged area (m2) 1933.0 
Cell 2 seepage (m3/d) 0.644333 
Total seepage (m3/d) 0.8 
Rate 0.000307 
    
Wetlands DAILY INFLOW (m3) 13.6 
cell 1 outflow (m3) 13.0 
cell 2 outflow (m3) 11.4 
WETLANDS DAILY OUTFLOW (m3) 11.4 
    
cell 1 surface area (m2) 800 
cell 2 surface area (m2) 1890 
Total wetlands surface area (m2) 2690 
Cell 1 volume (m3) 440 
Cell 2 volume (m3) 1210 
Total wetlands volume (m3) 1650 
    
Flow through cell 1 (m3/d) 13.3 
Flow through cell 2 (m3/d) 12.2 
FLOW THROUGH WETLANDS (m3/d) 12.5 
    
Cell 1 HLR (m/d) 0.016 
Cell 2 HLR (m/d) 0.006 
WETALNDS HYDRAULIC LOADING RATE (m/d) 0.004 
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Cell 1 HRT (d) 34
Cell 2 HRT (d) 106
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Table I.1  Wastewater characterisation data 
Date Temperature pH EC BOD5 COD TS VS TKN NH3-N TP  
   (οC)   (dS/m) (mg/L) (mg/L) (mg/L) (mg/L) (mg N/L) (mg N/L) (mg P/L) 
August 14, 2000 4.04  16873 1126.9 526.9 131.6
  17051 1148.9 485.4 136.4
  1126.9 510.8 134.5
  1130.6
Average 4.04  16962 1133.3 507.7 134.2
  
May 14, 2001 11.7 8.12 4.36 4015 14040 12416 8266 675.6 123.7 106.3
 3655 10620 12236 8130 667.5 124.7
 10320 11682 8522
Average 11.7 8.12 4.36 3835 11660 12111 8306 671.5 124.2 106.3
  
July 9, 2001 11.1 8.21 1.45 3290 14980 9874 7814 36.2
 3000 12170 9436 7352 62.3
 3080 10190 9844 6582 16.8
Average 11.1 8.21 1.45 3123 12447 9718 7249 38.4
  
August 8, 2001 10.5 8.29 3.08 1901 8650 11408 7556 687.0 90.2 88.6
 1601 7950 11712 8460 697.9 86.4
 1601 8180 10266 7208 88.6
Average 10.5 8.29 3.08 1701 8260 11129 7741 692.4 90.2 87.9
  
 
September 5, 2001 12.6 8.45 4.86 4200 10960 11488 3416 826.3 246.2 121.8
 3700 10840 11804 3684 829.5 112.0
 4100 12930 11610 3510 102.0
Average 12.6 8.45 4.86 4000 11577 11634 3537 827.9 246.2 111.9
  
Mean 11.5 8.27 3.56 3165 10986 12311 6708 831.3 242.1 95.7
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Table J.1  Particle size analysis 
  
Volume under particle size (%) Interpolated particle size 
distribution (%) 
Texture distribution Classification 
Depth (cm) 1.95 2.28 19.31 22.49 < 0.002 < 0.02 % Clay % Silt % Sand  
  µm µm µm µm µm µm         
                 
Untreated site                 
                 
0-5 9.86 10.95 41.67 45.72 9.86 41.67 10 32 58 Fine sandy loam 
5-15 14.92 16.63 56.09 60.3 14.92 56.09 15 41 44 Fine sandy loam 
15-30 16.08 18.02 53.42 57.29 16.08 53.42 16 37 47 Loam 
30-50 16.56 18.57 59.32 63.85 16.56 59.32 17 43 41 Loam 
50-70 19.76 22.09 66.01 69.96 19.76 66.01 20 46 34 Loam 
70-90 22.39 25.06 71.51 75.23 22.39 71.51 22 49 28 Silt loam 
                 
Treated site                 
                 
0-5 14.66 16.14 57.62 61.92 14.66 57.62 15 43 42 Loam 
5-15 14.61 16.45 57.36 61.22 14.61 57.36 15 43 43 Loam 
15-30 18.87 21.41 66.66 70.28 18.87 66.66 19 48 33 Loam 
30-50 21.24 24.04 67.63 71.09 21.24 67.63 21 46 32 Loam 
50-70 25.51 28.89 80.87 83.78 25.51 80.87 26 55 19 Silt loam 




Table J.2  pH 
Untreated Site     Treated Site 
Sample pH Average     Sample pH Average 
     
Profile 1   Profile 1  
0-5 5.46 5.46  0-5 5.57 5.57
0-5a 5.94 5.94  0-5a 6.05 6.05
0-5b 5.92 5.92  0-5b 6.25 6.25
0-5c 5.52  0-5c 6.02 6.02
 5.58 5.55  0-5d 5.93 5.93
0-5d 5.67 5.67  5-15 5.11 
5-15 5.01 5.01   5.07 
15-30 4.85 4.85   5.07 5.08
30-50 4.92 4.92  15-30 4.88 4.88
50-70 4.94 4.94  30-50 4.84 4.84
70-90 4.95 4.95  50-70 4.68 4.68
   70-90 4.64 4.64
     
Profile 2   Profile 2  
0-5 5.63 5.63  0-5 6.28 6.28
0-5a 5.78  0-5a 5.85 5.85
 5.82 5.80  0-5b 5.88 5.88
0-5b 5.61 5.61  0-5c 5.88 5.88
0-5c 5.84  0-5d 5.87 5.87
 5.84 5.84  5-15 5.92 
0-5d 5.71 5.71   5.86 5.89
5-15 5.15 5.15  15-30 4.98 4.98
15-30 5.14 5.14  30-50 4.79 4.79
30-50 5.02 5.02  50-70 4.99 4.99
50-70 4.93 4.93  70-90 4.91 4.91
70-90 4.87 4.87    
     
Profile 3   Profile 3  
0-5 6.36    
 6.43 6.40  0-5 5.53 5.53
0-5a 5.95 5.95  0-5a 5.86 5.86
0-5b 5.89 5.89  0-5b 6.08 6.08
0-5c 5.80 5.80  0-5c 5.97 5.97
0-5d 5.68 5.68  0-5d 6.00 6.00
5-15 5.14 5.14  5-15 5.04 5.04
15-30 4.87  15-30 4.66 
 4.83   4.64 
 4.83 4.84   4.63 4.64
30-50 5.00 5.00  30-50 4.62 4.62
50-70 5.13 5.13  50-70 4.66 4.66
70-90 5.00 5.00  70-90 4.63 4.63
     
Profile 4   Profile 4  
0-5 6.56 6.56  0-5 5.71 
0-5a 6.07 6.07   5.67 5.69
0-5b 5.85 5.85  0-5a 5.92 5.92
0-5c 6.19 6.19  0-5b 5.72 5.72
0-5d 5.96 5.96  0-5c 5.60 5.60
5-15 6.12  0-5d 5.68 5.68
 6.12 6.12  5-15 5.64 5.64
15-30 5.35 5.35  15-30 5.35 5.35
30-50 5.03 5.03  30-50 5.22 5.22
50-70 5.31 5.31  50-70 5.40 5.40
70-90 5.35 5.35  70-90 6.46 
         6.52 6.49
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            84.8 0.085 0.082 
Table J.3  Conductivity 
Untreated Site     Treated Site 
Sample EC Average    Sample EC Average 
  (µS/cm) (dS/m) (dS/m)       (µS/cm) (dS/m) (dS/m) 
Profile 1     Profile 1   
0-5 119.9 0.120 0.120  0-5 185.5 0.186 0.186 
0-5a 147.3 0.147 0.147  0-5a 234 0.234 0.234 
0-5b 131.2 0.131 0.131  0-5b 165.2 0.165 0.165 
0-5c 295 0.295   0-5c 199 0.199 0.199 
 315.0 0.315 0.305  0-5d 159.2 0.159 0.159 
0-5d 145.1 0.145 0.145  5-15 102.4 0.102  
5-15 60.7 0.061 0.061   100.5 0.101  
15-30 45.8 0.046 0.046   100.3 0.100 0.100 
30-50 37.2 0.037 0.037  15-30 73.8 0.074 0.074 
50-70 43.2 0.043 0.043  30-50 54.8 0.055 0.055 
70-90 39.4 0.039 0.039  50-70 69 0.069 0.069 
     70-90 55.2 0.055 0.055 
        
Profile 2     Profile 2   
0-5 113.1 0.113 0.113  0-5 107.6 0.108 0.108 
0-5a 267 0.267   0-5a 176.7 0.177 0.177 
 276.0 0.276 0.272  0-5b 129.9 0.130 0.130 
0-5b 133.2 0.133 0.133  0-5c 171.5 0.172 0.172 
0-5c 185.7 0.186   0-5d 155.4 0.155 0.155 
 194.7 0.195 0.190  5-15 81.5 0.082  
0-5d 124.5 0.125 0.125   93.0 0.093 0.087 
5-15 62.7 0.063 0.063  15-30 98 0.098 0.098 
15-30 39.8 0.040 0.040  30-50 85.4 0.085 0.085 
30-50 41.2 0.041 0.041  50-70 36.2 0.036 0.036 
50-70 52.6 0.053 0.053  70-90 40.9 0.041 0.041 
70-90 55.9 0.056 0.056     
        
Profile 3     Profile 3   
0-5 157.9 0.158   0-5 120.2 0.120 0.120 
 167.3 0.167 0.163  0-5a 115.5 0.116 0.116 
0-5a 120.2 0.120 0.120  0-5b 201 0.201 0.201 
0-5b 136.8 0.137 0.137  0-5c 200 0.200 0.200 
0-5c 104.2 0.104 0.104  0-5d 148 0.148 0.148 
0-5d 134.1 0.134 0.134  5-15 80.4 0.080 0.080 
5-15 70.1 0.070 0.070  15-30 110.2 0.110  
15-30 52.8 0.053    113.6 0.114  
 53.3 0.053    112.2 0.112 0.113 
 54.4 0.054 0.054  30-50 116 0.116 0.116 
30-50 42.1 0.042 0.042  50-70 106.1 0.106 0.106 
50-70 27.7 0.028 0.028  70-90 76.2 0.076 0.076 
70-90 33.1 0.033 0.033     
        
Profile 4     Profile 4   
0-5 96.2 0.096 0.096  0-5 101 0.101  
0-5a 120.8 0.121 0.121   113.8 0.114 0.107 
0-5b 112.2 0.112 0.112  0-5a 104.1 0.104 0.104 
0-5c 155.5 0.156 0.156  0-5b 149.8 0.150 0.150 
0-5d 145.3 0.145 0.145  0-5c 93.7 0.094 0.094 
5-15 61.8 0.062   0-5d 113.6 0.114 0.114 
 66.7 0.067 0.064  5-15 60.6 0.061 0.061 
15-30 50.8 0.051 0.051  15-30 46.5 0.047 0.047 
30-50 56.5 0.057 0.057  30-50 51.3 0.051 0.051 
50-70 38 0.038 0.038  50-70 71.2 0.071 0.071 
70-90 29.7 0.030 0.030  70-90 78.6 0.079  
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Table J.4  Exchangeable Cations (performed by Pivotech Laboratories) 
Sample Al Ca Mg Na K CEC ESP 
  (meq/100g) (meq/100g) (meq/100g) (meq/100g) (meq/100g) (meq/100g) (%) 
          
Untreated Site   
   
Profile 2   
0-5a 0.188 14.500 2.000 0.169 0.794 17.651 0.96
0-5b 0.300 13.500 1.833 0.143 0.282 16.058 0.89
0-5c 0.222 19.250 2.166 0.239 0.448 22.325 1.07
0-5d 0.300 15.750 2.166 0.073 0.282 18.571 0.39
0-5 0.333 11.250 1.916 0.178 0.256 13.933 1.28
5-15 1.277 3.800 1.583 0.165 0.161 6.986 2.36
15-30 2.333 1.200 2.000 0.195 0.128 5.856 3.33
30-50 4.000 0.300 2.666 0.256 0.092 7.314 3.50
50-70 4.333 0.200 3.166 0.334 0.089 8.122 4.11
70-90 4.888 0.200 3.666 0.339 0.105 9.198 3.69
   
Profile 4   
0-5a 0.188 16.750 2.333 0.117 0.269 19.657 0.60
0-5b 0.211 15.750 2.250 0.086 0.397 18.694 0.46
0-5c 0.133 19.750 3.250 0.060 0.512 23.705 0.25
0-5d 0.177 15.500 2.750 0.156 0.269 18.852 0.83
0-5 0.133 17.250 1.916 0.065 0.158 19.522 0.33
5-15 0.122 8.200 2.083 0.065 0.092 10.562 0.62
15-30 0.700 2.100 2.666 0.130 0.100 5.696 2.28
30-50 2.333 1.000 3.000 0.226 0.253 6.812 3.32
50-70 2.333 0.500 3.583 0.304 0.223 6.943 4.38
70-90 2.555 0.300 3.750 0.308 0.115 7.028 4.38
   
           
Treated Site   
   
Profile 1   
0-5a 0.177 11.250 3.500 0.391 1.974 17.292 2.26
0-5b 0.155 10.500 2.750 0.269 1.538 15.212 1.77
0-5c 0.155 10.250 2.833 0.182 1.589 15.009 1.21
0-5d 0.188 9.700 2.500 0.160 1.538 14.086 1.14
0-5 0.311 7.100 1.833 0.213 1.025 10.482 2.03
5-15 0.922 2.700 0.675 0.156 0.282 4.735 3.29
15-30 1.444 1.100 0.508 0.117 0.182 3.351 3.49
30-50 2.888 0.600 1.750 0.165 0.148 5.551 2.97
50-70 4.555 0.200 2.500 0.204 0.089 7.548 2.70
70-90 7.444 0.200 2.333 0.226 0.089 10.292 2.20
   
Profile 2   
0-5a 0.200 9.100 2.583 0.121 2.256 14.260 0.85
0-5b 0.188 9.600 2.166 0.160 1.230 13.344 1.20
0-5c 0.222 8.600 1.541 0.130 1.282 11.775 1.10
0-5d 0.177 7.800 1.916 0.165 1.589 11.647 1.42
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0-5 0.133 9.500 1.750 0.243 1.589 13.215 1.84 
5-15 0.222 5.900 1.208 0.265 0.692 8.287 3.20 
15-30 1.500 1.700 0.450 0.195 0.371 4.216 4.63 
30-50 2.333 1.400 0.916 0.160 0.158 4.967 3.22 
50-70 2.555 0.400 2.500 0.130 0.074 5.659 2.30 
70-90 3.444 0.200 2.833 0.139 0.069 6.685 2.08 
     
Profile 3     
0-5a 0.244 8.800 2.000 0.126 1.230 12.400 1.02 
0-5b 0.188 8.900 2.500 0.104 2.179 13.871 0.75 
0-5c 0.211 9.300 2.333 0.156 1.666 13.666 1.14 
0-5d 0.188 7.300 1.541 0.178 1.589 10.796 1.65 
0-5 0.377 4.900 1.208 0.069 1.230 7.784 0.89 
5-15 0.955 2.100 0.425 0.082 0.397 3.959 2.07 
15-30 1.444 1.000 0.225 0.104 0.202 2.975 3.50 
30-50 2.166 1.600 0.733 0.130 0.094 4.723 2.75 
50-70 2.666 0.700 2.500 0.200 0.061 6.127 3.26 
70-90 3.333 0.200 2.666 0.191 0.064 6.454 2.96 
     
Profile 4     
0-5a 0.211 10.000 0.958 0.130 0.615 11.914 1.09 
0-5b 0.255 8.700 1.500 0.213 0.769 11.437 1.86 
0-5c 0.366 6.800 0.808 0.113 0.294 8.381 1.35 
0-5d 0.222 8.900 1.291 0.082 0.269 10.764 0.76 
0-5 0.244 8.400 1.208 0.095 0.256 10.203 0.93 
5-15 0.322 6.200 0.533 0.069 0.125 7.249 0.95 
15-30 0.633 2.300 0.175 0.100 0.043 3.251 3.08 
30-50 0.666 1.000 0.425 0.143 0.030 2.264 6.32 
50-70 0.988 1.300 2.750 0.500 0.033 5.571 8.98 




Table J.5  Moisture factor 
Untreated site     Treated site 
Sample MF Average     Sample MF Average 
      
Profile 1    Profile 1  
0-5 1.040 1.040   0-5 1.031 1.031
0-5a 1.040 1.040   0-5a 1.040 1.040
0-5b 1.030 1.030   0-5b 1.035 1.035
0-5c 1.038 1.038   0-5c 1.034 1.034
0-5d 1.044 1.044   0-5d 1.036 1.036
5-15 1.027 1.027   5-15 1.022 1.022
15-30 1.030 1.030   15-30 1.019 1.019
30-50 1.041 1.041   30-50 1.026 1.026
50-70 1.042 1.042   50-70 1.030 1.030
70-90 1.045 1.045   70-90 1.030 1.030
      
Profile 2    Profile 2  
0-5 1.040 1.040   0-5 1.027 
0-5a 1.037 1.037    1.029 1.028
0-5b 1.051 1.051   0-5a 1.031 1.031
0-5c 1.058   0-5b 1.032 1.032
 1.061   0-5c 1.028 1.028
 1.059 1.060   0-5d 1.026 1.026
0-5d 1.049 1.049   5-15 1.021 1.021
5-15 1.035 1.035   15-30 1.017 1.017
15-30 1.033 1.033   30-50 1.022 1.022
30-50 1.041   50-70 1.024 1.024
 1.036   70-90 1.029 1.029
 1.037 1.038     
50-70 1.040 1.040     
70-90 1.046 1.046     
      
Profile 3    Profile 3  
0-5 1.048 1.048   0-5 1.026 
0-5a 1.064 1.064    1.026 
0-5b 1.053 1.053    1.025 1.026
0-5c 1.040 1.040   0-5a 1.033 1.033
0-5d 1.044 1.044   0-5b 1.030 1.030
5-15 1.041 1.041   0-5c 1.035 1.035
15-30 1.034 1.034   0-5d 1.029 1.029
30-50 1.041 1.041   5-15 1.017 1.017
50-70 1.039 1.039   15-30 1.014 1.014
70-90 1.036 1.036   30-50 1.020 1.020
    50-70 1.024 1.024
    70-90 1.025 1.025
      
Profile 4    Profile 4  
0-5 1.033 1.033   4 0 1.027 1.027
0-5a 1.043 1.043   4a 1.030 
0-5b 1.048 1.048    1.026 1.028
0-5c 1.043 1.043   4b 1.037 1.037
0-5d 1.040 1.040   4c 1.028 1.028
5-15 1.027 1.027   4d 1.030 
15-30 1.025 1.025    1.030 1.030
30-50 1.033 1.033   5-15 1.018 1.018
50-70 1.034 1.034   15-30 1.012 1.012
70-90 1.034 1.034   30-50 1.009 1.009
    50-70 1.019 1.019
        70-90 1.029 1.029
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Table J.6  Soil organic matter by loss-on-ignition 
Untreated site     Treated site 
Sample LOI Average SOC    Sample LOI Average SOC 
  (%) (%) (%)       (%) (%) (%) 
         
Profile 1      Profile 1   
0-5 11.7 11.7 6.8   0-5 8.2 8.2 4.8 
0-5a 12.8 12.8 7.4   0-5a 11.2 11.2 6.5 
0-5b 8.5 8.5 4.9   0-5b 10.2 10.2 5.9 
0-5c 11.3 11.3 6.5   0-5c 10.0 10.0 5.8 
0-5d 13.2 13.2 7.6   0-5d 9.6 9.6 5.6 
5-15 5.3 5.3 3.1   5-15 4.5 4.5 2.6 
15-30 1.6 1.6 0.9   15-30 1.5 1.5 0.9 
30-50 2.3 2.3 1.3   30-50 1.7 1.7 1.0 
50-70 2.0 2.0 1.2   50-70 1.6 1.6 0.9 
70-90 1.9 1.9 1.1   70-90 1.4 1.4 0.8 
         
Profile 2      Profile 2   
0-5 11.4 11.4 6.6   0-5 7.0   
0-5a 12.1 12.1 7.0    4.9 5.9 3.4 
0-5b 13.6 13.6 7.9   0-5a 9.3 9.3 5.4 
0-5c 16.7     0-5b 9.0 9.0 5.2 
 11.7     0-5c 8.2 8.2 4.8 
 12.3 13.6 7.9   0-5d 7.4 7.4 4.3 
0-5d 13.6 13.6 7.9   5-15 4.3 4.3 2.5 
5-15 5.7 5.7 3.3   15-30 2.0 2.0 1.2 
15-30 1.9 1.9 1.1   30-50 1.8 1.8 1.1 
30-50 1.9     50-70 1.8 1.8 1.1 
 2.0 1.9 1.1   70-90 1.6 1.6 0.9 
50-70 2.1 2.1 1.2      
         
70-90 2.3 2.3 1.3      
         
Profile 3      Profile 3   
0-5 12.2 12.2 7.1   0-5 6.1   
0-5a 13.9 13.9 8.0    4.2   
0-5b 12.1 12.1 7.0    4.7 5.0 2.9 
0-5c 9.6 9.6 5.5   0-5a 8.2 8.2 4.7 
0-5d 13.1 13.1 7.6   0-5b 8.7 8.7 5.0 
5-15 6.4 6.4 3.7   0-5c 9.9 9.9 5.7 
15-30 2.7 2.7 1.6   0-5d 7.1 7.1 4.1 
30-50 1.9 1.9 1.1   5-15 2.3 2.3 1.4 
50-70 1.1 1.1 0.7   15-30 1.3 1.3 0.8 
70-90 1.2 1.2 0.7   30-50 1.1 1.1 0.6 
      50-70 1.0 1.0 0.6 
      70-90 1.0 1.0 0.6 
         
Profile 4      Profile 4   
0-5 8.8 8.8 5.1   4 0 7.2 7.2 4.2 
0-5a 9.9 9.9 5.7   4a 6.2   
0-5b 12.5 12.5 7.2    5.7 6.0 3.5 
0-5c 11.1 11.1 6.4   4b 9.2 9.2 5.3 
0-5d 11.0 11.0 6.4   4c 7.2 7.2 4.2 
5-15 4.9 4.9 2.8   4d 8.1   
15-30 1.8 1.8 1.0    8.2 8.1 4.7 
30-50 1.8 1.8 1.0   5-15 3.5 3.5 2.0 
50-70 1.4 1.4 0.8   15-30 1.3 1.3 0.7 
70-90 1.4 1.4 0.8   30-50 0.8 0.8 0.4 
      50-70 1.1 1.1 0.6 
           70-90 1.5 1.5 0.8 
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70-90 458 0.05 0.05           
Table J.7  Total Kjeldahl Nitrogen 
Untreated Site     Treated Site 
Sample TKN TKN Average    Sample TKN TKN Average 
  (mg/kg) (%) (%)       (mg/kg) (%) (%) 
Profile 1    Profile 1   
0-5 4913 0.49 0.49   0-5 3365 0.34 0.34
0-5a 4719 0.47 0.47   0-5a 4852 0.49 
0-5b 3394 0.34 0.34    4832 0.48 0.48
0-5c 4862 0.49 0.49   0-5b 4257 0.43 0.43
0-5d 5031 0.50 0.50   0-5c 4023 0.40 0.40
5-15 2448 0.24 0.24   0-5d 4047 0.40 0.40
15-30 1007 0.10 0.10   5-15 1922 0.19 
30-50 756 0.08 0.08    1884 0.19 0.19
50-70 479 0.05 0.05   15-30 598 0.06 0.06
70-90 476 0.05 0.05   30-50 523 0.05 0.05
    50-70 407 0.04 0.04
    70-90 432 0.04 0.04
Profile 2    Profile 2   
0-5 4219 0.42   0-5 2969 0.30 0.30
 4321 0.43 0.43   0-5a 3662 0.37 
0-5a 4003 0.40    3851 0.39 
 4262 0.43    3965 0.40 
 4105 0.41    3863 0.39 0.38
 3881 0.39 0.41   0-5b 3713 0.37 0.37
0-5b 5292 0.53 0.53   0-5c 3230 0.32 0.32
0-5c 5921 0.59 0.59   0-5d 3137 0.31 0.31
0-5d 5114 0.51 0.51   5-15 2074 0.21 0.21
5-15 2682 0.27   15-30 841 0.08 0.08
 2747 0.27 0.27   30-50 596 0.06 0.06
15-30 1106 0.11 0.11   50-70 378 0.04 0.04
30-50 744 0.07 0.07   70-90 310 0.03 0.03
50-70 504 0.05 0.05      
70-90 484 0.05 0.05      
Profile 3    Profile 3   
0-5 5155 0.52 0.52   0-5 2190 0.22 0.22
0-5a 6288 0.63 0.63   0-5a 3438 0.34 0.34
0-5b 5765 0.58 0.58   0-5b 3051 0.31 0.31
0-5c 4894 0.49 0.49   0-5c 3391 0.34 0.34
0-5d 5763 0.58 0.58   0-5d 3187 0.32 0.32
5-15 2942 0.29 0.29   5-15 1536 0.15 0.15
15-30 1176 0.12 0.12   15-30 671 0.07 0.07
30-50 765 0.08 0.08   30-50 429 0.04 0.04
50-70 472 0.05 0.05   50-70 359 0.04 0.04
70-90 389 0.04 0.04   70-90 297 0.03 0.03
Profile 4    Profile 4   
0-5 4881 0.49 0.49   0-5 3153 0.32 0.32
0-5a 3588 0.36 0.36   0-5a 3393 0.34 0.34
0-5b 5115 0.51 0.51   0-5b 3893 0.39 0.39
0-5c 5230 0.52 0.52   0-5c 2877 0.29 0.29
0-5d 4400 0.44   0-5d 3612 0.36 0.36
 4506 0.45 0.45   5-15 2195 0.22 0.22
5-15 2162 0.22 0.22   15-30 886 0.09 0.09
15-30 942 0.09   30-50 354 0.04 0.04
 790 0.08 0.09   50-70 349 0.03 0.03
30-50 657 0.07 0.07   70-90 345 0.03 0.03
50-70 539 0.05      
 526 0.05 0.05      
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Table J.8  Ammonium (figures in italics denote analysis conducted externally 
by Pivotech) 
Untreated Site     Treated Site 
Sample NH4-N Average    Sample NH4-N Average 
  (mg/kg) (mg/kg)       (mg/kg) (mg/kg) 
       
Profile 1     Profile 1  
0-5 11.6 11.6   0-5 6.1 6.1 
0-5a 10.3 10.3   0-5a 8.1 8.1 
0-5b 11.3 11.3   0-5b 9.1 9.1 
0-5c 12.1 12.1   0-5c 9.7 9.7 
0-5d 11.1 11.1   0-5d 10.2 10.2 
5-15 6.8 6.8   5-15 3.6 3.6 
15-30 3.5 3.5   15-30 1.7 1.7 
30-50 0.4 0.4   30-50 0.7 0.7 
50-70 0.0 0.0   50-70 1.2 1.2 
70-90 0.0 0.0   70-90 0.0 0.0 
       
Profile 2     Profile 2  
0-5 22.2 22.2   0-5 5.2 5.2 
0-5a 13.5 13.5   0-5a 11.3 11.3 
0-5b 13.0 13.0   0-5b 9.4 9.4 
0-5c 17.2 17.2   0-5c 9.2 9.2 
0-5d 14.0 14.0   0-5d 9.7 9.7 
5-15 7.6 7.6   5-15 5.1 5.1 
15-30 3.2 3.2   15-30 10.3 10.3 
30-50 0.1      
 0.0 0.0   30-50 8.5 8.5 
50-70 0.0 0.0   50-70 0.4 0.4 
70-90 0.0 0.0   70-90 1.3 1.3 
       
Profile 3     Profile 3  
0-5 15.2    0-5 7.1 7.1 
 13.5 14.3   0-5a 8.9 8.9 
0-5a 17.2 17.2   0-5b 8.9 8.9 
0-5b 13.3 13.3   0-5c 11.3 11.3 
0-5c 13.3 13.3   0-5d 9.1 9.1 
0-5d 19.4 19.4   5-15 3.5 3.5 
5-15 7.6 7.6   15-30 1.8 1.8 
15-30 1.5 1.5   30-50 1.3  
30-50 0.0 0.0    <2 1.3 
50-70 0.0 0.0   50-70 1.2  
70-90 0.0 0.0    <2 1.2 
     70-90 0.0 0.0 
       
Profile 4     Profile 4  
0-5 12.6 12.6   0-5 19.7 19.7 
0-5a 16.5    0-5a 9.6 9.6 
 14.7 15.6   0-5b 12.2 12.2 
0-5b 14.7 14.7   0-5c 10.3  
0-5c 12.8 12.8    13.0 11.7 
0-5d 19.9 19.9   0-5d 12.5 12.5 
5-15 7.7 7.7   5-15 8.0  
15-30 2.1 2.1    8.1 8.1 
30-50 0.0 0.0   15-30 4.5 4.5 
50-70 0.0 0.0   30-50 1.4 1.4 
70-90 0.0 0.0   50-70 0.8 0.8 
         70-90 1.6 1.6 
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Table J.9  Nitrate (figures in italics denote analysis conducted externally by 
Pivotech) 
Untreated site     Treated site 
Sample NO3-N Average    Sample NO3-N Average 
  (mg/kg) (mg/kg)       (mg/kg) (mg/kg) 
     
Profile 1   Profile 1  
0-5 19.3   0-5 67.9 67.9
 19.1   0-5a 62.5 62.5
 19.2 19.2   0-5b 40.6 40.6
0-5a 28.3 28.3   0-5c 63.6 63.6
0-5b 27.0 27.0   0-5d 46.0 46.0
0-5c Failed   5-15 24.2 24.2
0-5d 28.9 28.9   15-30 11.0 11.0
5-15 8.3   30-50 7.7 7.7
 7.7 8.0   50-70 9.9 9.9
15-30 4.3 4.3   70-90 11.2 11.2
30-50 4.6 4.6     
50-70 5.6 5.6     
70-90 5.9 5.9     
     
Profile 2   Profile 2  
0-5 22.2 22.2   0-5 36.2 36.2
0-5a 52.9 52.9   0-5a 43.3 43.3
0-5b 30.5 30.5   0-5b 39.4 39.4
0-5c 42.5 42.5   0-5c 62.2 62.2
0-5d 23.5 23.5   0-5d 45.6 45.6
5-15 12.9 12.9   5-15 14.2 14.2
15-30 3.7 3.7   15-30 10.7 
30-50 4.9    10.3 10.5
 8.1 6.5   30-50 8.4 8.4
50-70 5.2 5.2   50-70 4.7 4.7
70-90 8.1 8.1   70-90 5.4 5.4
     
Profile 3   Profile 3  
0-5 31.4   0-5 42.6 42.6
 31.5   0-5a 50.6 50.6
 30.5 31.2   0-5b 44.0 44.0
0-5a 25.3 25.3   0-5c 61.3 61.3
0-5b 25.2 25.2   0-5d 51.3 51.3
0-5c 23.8 23.8   5-15 21.2 21.2
0-5d 29.6 29.6   15-30 22.5 22.5
5-15 15.5 15.5   30-50 28.1 
15-30 4.0    21.5 
 5.6    21.6 
 4.4 4.7    21.4 
30-50 7.6 7.6    26.0 23.7
50-70 3.1   50-70 29.0 
 4.4 3.8    30.5 
70-90 5.5 5.5    35.9 
    25.2 
    28.0 29.7
   70-90 17.4 17.4
     
Profile 4   Profile 4  
0-5 19.1 19.1   0-5 35.8 35.8
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0-5a 28.3    0-5a 31.7 31.7 
 26.3 27.3   0-5b 34.9 34.9 
0-5b 23.8 23.8   0-5c 18.7  
0-5c 34.1 34.1    21.4  
0-5d 36.7 36.7    22.9  
5-15 13.4     19.8 20.7 
 13.5    0-5d 36.9 36.9 
 13.2 13.4   5-15 27.5  
15-30 5.1 5.1    22.9  
30-50 5.1 5.1    25.2 25.2 
50-70 3.7 3.7   15-30 6.9 6.9 
70-90 4.7 4.7   30-50 6.1 6.1 
     50-70 4.6 4.6 
         70-90 7.5 7.5 
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Table J.10  Total phosphorus 
Control Site     Treated Site 
Sample TP Average    Sample TP Average 
  (mg/kg) (mg/kg)       (mg/kg) (mg/kg) 
    
Profile 1  Profile 1  
0-5 1040 1040  0-5 972 972
0-5a 1029  0-5a 1255 
 1019 1024   1245 1250
0-5b 789 789  0-5b 1105 
0-5c 1145 1145   1105 1105
0-5d 841 841  0-5c 1056 1056
5-15 325 325  0-5d 942 942
15-30 122 122  5-15 381 381
30-50 159 159  15-30 130 130
50-70 143 143  30-50 152 
70-90 151 151   151 151
  50-70 149 149
  70-90 133 133
    
Profile 2  Profile 2  
0-5 796 796  0-5 958 
0-5a 1095 1095   944 951
0-5b 1230 1230  0-5a 1403 
0-5c 890 890   1354 
0-5d 1011 1011   1406 
5-15 337 337   1388 1388
15-30 149 149  0-5b 974 974
30-50 148 148  0-5c 840 840
50-70 161 161  0-5d 944 
70-90 163 163   950 947
  5-15 499 
   493 496
  15-30 155 155
  30-50 156 156
  50-70 143 143
  70-90 118 118
    
Profile 3  Profile 3  
0-5 1397 1397  0-5 778 778
0-5a 1468 1468  0-5a 969 969
0-5b 1205 1205  0-5b 1049 1049
0-5c 1446  0-5c 961 961
 1456 1451  0-5d 910 
0-5d 1174 1174   914 912
5-15 544 544  5-15 302 302
15-30 214 214  15-30 112 112
30-50 206 206  30-50 118 118
50-70 166 166  50-70 128 
70-90 139 139   136 132
  70-90 126 126
    
Profile 4  Profile 4  
0-5 881 881  0-5 776 776
0-5a 1118 1118  0-5a 881 881
0-5b 1151 1151  0-5b 1019 
0-5c 2121   1022 1021
277 
Appendix J 
 2114 2118  0-5c 651 651 
0-5d 1452 1452  0-5d 959 959 
  1164   969 
5-15 408 408  5-15 431 431 
15-30 163 163  15-30 126  
30-50 154    128 127 
 158 156  30-50 72 72 
50-70 172 172  50-70 106 106 
70-90 166 166  70-90 115  




Table J.11  Extractable (Bray 1) phosphorus 
Control Site     Treated Site 
Sample P Average    Sample P Average 
  (mg/kg) (mg/kg)       (mg/kg) (mg/kg) 
    
Profile 1  Profile 1  
0-5 55.9  0-5 78.2 78.2
 53.7 54.8  0-5a 95.9 95.9
0-5a 79.1 79.1  0-5b 110.4 110.4
0-5b 91.8 91.8  0-5c 132.5 132.5
0-5c 67.8 67.8  0-5d 81.0 81.0
0-5d 39.4 39.4  5-15 16.4 
5-15 19.6   17.7 
 20.0 19.8   17.7 17.3
15-30 2.6 2.6  15-30 3.2 3.2
30-50 0.3 0.3  30-50 0.6 0.6
50-70 0.3 0.3  50-70 0.2 0.2
70-90 0.1 0.1  70-90 0.1 0.1
    
Profile 2  Profile 2  
0-5 53.9  0-5 135.2 135.2
 54.7 54.3  0-5a 328.5 328.5
0-5a 214.0 214.0  0-5b 85.8 85.8
0-5b 22.3 22.3  0-5c 104.6 104.6
0-5c 45.8 45.8  0-5d 214.9 214.9
0-5d 90.8 90.8  5-15 46.5 46.5
5-15 8.6  15-30 6.3 6.3
 8.6 8.6  30-50 2.1 2.1
15-30 2.2 2.2  50-70 0.3 0.3
30-50 0.3 0.3  70-90 0.2 0.2
50-70 0.1 0.1    
70-90 0.1 0.1    
    
Profile 3  Profile 3  
0-5 73.8 73.8  0-5 101.7 101.7
0-5a 54.6 54.6  0-5a 121.9 121.9
0-5b 66.3 66.3  0-5b 230.6 230.6
0-5c 144.7 144.7  0-5c 120.0 120.0
0-5d 47.3 47.3  0-5d 79.6 79.6
5-15 25.8 25.8  5-15 18.9 18.9
15-30 12.8  15-30 5.3 5.3
 12.9  30-50 1.0 1.0
 13.0 12.9  50-70 0.3 0.3
30-50 3.5 3.5  70-90 0.3 0.3
50-70 0.5 0.5    
70-90 0.2 0.2    
    
Profile 4  Profile 4  
0-5 53.3 53.3  0-5 62.3 62.3
0-5a 61.9 61.9  0-5a 37.2 37.2
0-5b 51.2 51.2  0-5b 58.4 58.4
0-5c 202.5 202.5  0-5c 29.1 29.1
0-5d 86.9 86.9  0-5d 55.5 55.5
5-15 13.0 13.0  5-15 20.5 20.5
15-30 2.2 2.2  15-30 2.0 2.0
30-50 0.7 0.7  30-50 1.0 1.0
50-70 0.4 0.4  50-70 0.4 0.4
70-90 0.3 0.3   70-90 0.3 0.3
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Table K.1  Surface runoff monitoring data 
  EC SS TKN NH3 NO3 TP DRP 
  (µS/cm) (mg/L) (mg N/L) (mg N/L) (mg N/L) (mg P/L) (mg P/L) 
Rained  1-Aug-2000 (overnight)           
Collected 2-Aug-00             
Untreated        
Bottle 1 586 0 0.10 0.20 0.15 2.65 0.46 
  7      
Bottle 2 598 1 0.04 0.20 0.07 0.47 0.46 
  1      
Bottle 3 599 0 0.06 0.19 0.06 0.10 0.47 
        
Mean  594 2 0.07 0.20 0.09 1.07 0.46 
        
Treated        
Bottle 1 153 128 1.86 0.44 0.90 2.28 1.43 
  110      
Bottle 2 159 122 2.11 0.50 0.97 2.05 1.46 
  134      
Bottle 3 160 108 1.72 0.44 1.09 2.05 1.49 
  90      
        
Mean 157 120 1.90 0.46 0.98 2.13 1.46 
        
Rained 8-May-01             
Collected 9-May-01             
Untreated        
Bottle 1 61 6 1.41 0.48 0.15 1.74 1.34 
  3 1.35  0.18 1.35 1.20 
        
Mean  61 4 1.38 0.48 0.16 1.55 1.27 
        
Treated        
Bottle 1 680 66 9.06 0.57 3.63 3.09 2.34 
     3.57 3.15 2.36 
        
Mean  680 66 9.06 0.57 3.60 3.12 2.35 
        
Rained 10-Jul-01             
Collected 11-Jul-01             
Untreated        
Bottle 1 158 48 9.18 2.24 3.86 1.32 1.08 
     4.00  1.08 
        
Mean  158 48 9.18 2.24 3.93 1.32 1.08 
        
Treated        
Bottle 1 660 85 58.50 29.40 4.32 25.48 21.97 
  90 56.98  4.42   
Bottle 2 689 95 62.28 30.21 4.27 28.85 24.30 
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  85 62.10  4.42 27.77  
Bottle 3 693 95 63.26 31.29 4.32 27.10 24.24
  100 61.62  4.32   
        
Mean 681 93 60.79 30.30 4.35 27.30 23.50
        
Rained 26-Jul-01             
Collected 27-Jul-01             
Untreated        
Bottle 1 617 80 2.24 0.24 5.19 0.32 0.11
  78   4.83 0.32 0.11
        
Mean  617 79 2.24 0.24 5.01 0.32 0.11
        
Treated        
Bottle 1 335 48 8.79 1.79 13.34 3.35 2.70
  58   13.69 3.35 2.80
Bottle 2 288 30 7.50 1.50 10.95 3.06 2.76
  31   11.01 3.06 2.75
Bottle 3 334 35 7.44 2.03 12.80 3.03 2.96
  33   13.23 3.07 2.99
        
Mean 319 39 7.91 1.77 12.50 3.15 2.83
        
Rained 27-Aug-01             
Collected 28-Aug-01             
Untreated        
Bottle 1 154 476 3.72 0.84 0.91 0.83 0.49
  500 3.77 0.81 0.83 0.80 0.57
  540 3.85  0.86 0.81  
     0.82   
        
Mean 154 505 3.78 0.83 0.86 0.81 0.53
        
Treated        
Bottle 1 570 57 22.97 10.07 0.69 3.54 1.81
  48 22.79 9.72 0.61 3.43 2.29
  50 23.62  0.61 3.44  
     0.61   
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Table L.1  Rainfall data from Sydney Water pluviometer 568183 (Burrawang) 
Sampling event 1 - August 2000         
STATION HOUR DAY MONTH YEAR DATA (mm) QUALITY CODE 
568183 14 1 8 2000 0 5 
568183 15 1 8 2000 1 5 
568183 16 1 8 2000 0.5 5 
568183 17 1 8 2000 10 5 
568183 18 1 8 2000 4.5 5 
568183 19 1 8 2000 0 5 
Total (mm) 16           
Duration (hrs) 4       
Intensity (mm/hr) 4.0           
         
Sampling event 2 - May 2001      
STATION HOUR DAY MONTH YEAR DATA (mm) QUALITY CODE 
568183 9 8 5 2001 0 5 
568183 10 8 5 2001 0.5 5 
568183 11 8 5 2001 1 5 
568183 12 8 5 2001 1.5 5 
568183 13 8 5 2001 2 5 
568183 14 8 5 2001 2 5 
568183 15 8 5 2001 1.5 5 
568183 16 8 5 2001 1.5 5 
568183 17 8 5 2001 1.5 5 
568183 18 8 5 2001 2.5 5 
568183 19 8 5 2001 0.5 5 
568183 20 8 5 2001 0.5 5 
568183 21 8 5 2001 0.5 5 
568183 22 8 5 2001 1 5 
568183 23 8 5 2001 0.5 5 
568183 0 9 5 2001 1 5 
568183 1 9 5 2001 0.5 5 
568183 2 9 5 2001 0.5 5 
568183 3 9 5 2001 0 5 
Total (mm) 19           
Duration (hrs) 17       
Intensity (mm/hr) 1.1           
         
Sampling event 3 - July 2001      
STATION HOUR DAY MONTH YEAR DATA (mm) QUALITY CODE 
568183 13 10 7 2001 0 5 
568183 14 10 7 2001 3 5 
568183 15 10 7 2001 4.5 5 
568183 16 10 7 2001 3.5 5 
568183 17 10 7 2001 9 5 
568183 18 10 7 2001 13 5 
568183 19 10 7 2001 5 5 
568183 20 10 7 2001 1.5 5 
568183 21 10 7 2001 3.5 5 
568183 22 10 7 2001 4 5 
568183 23 10 7 2001 4.5 5 
568183 0 11 7 2001 2.5 5 
568183 1 11 7 2001 2 5 
568183 2 11 7 2001 0.5 5 
568183 3 11 7 2001 1.5 5 
568183 4 11 7 2001 1 5 
568183 5 11 7 2001 0.5 5 
568183 6 11 7 2001 0 5 
Total (mm) 59.5           
Duration (hrs) 16       
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Intensity (mm/hr) 3.7           
         
Sampling event 4 - July 2001      
STATION HOUR DAY MONTH YEAR DATA (mm) QUALITY CODE 
568183 5 26 7 2001 0 5
568183 6 26 7 2001 1 5
568183 7 26 7 2001 0.5 5
568183 8 26 7 2001 1 5
568183 9 26 7 2001 1 5
568183 10 26 7 2001 1.5 5
568183 11 26 7 2001 2.5 5
568183 12 26 7 2001 2.5 5
568183 13 26 7 2001 1 5
568183 14 26 7 2001 1.5 5
568183 15 26 7 2001 1 5
568183 16 26 7 2001 1.5 5
568183 17 26 7 2001 2.5 5
568183 18 26 7 2001 2 5
568183 19 26 7 2001 0.5 5
568183 20 26 7 2001 0.5 5
568183 21 26 7 2001 0.5 5
568183 22 26 7 2001 0 5
Total 21           
Duration 16       
Intensity 1.3           
         
Sampling event 5 - August 2001      
STATION HOUR DAY MONTH YEAR DATA (mm) QUALITY CODE 
568183 6 27 8 2001 0 5
568183 7 27 8 2001 1 5
568183 8 27 8 2001 0.5 5
568183 9 27 8 2001 4 5
568183 10 27 8 2001 3.5 5
568183 11 27 8 2001 4.5 5
568183 12 27 8 2001 3 5
568183 13 27 8 2001 0.5 5
568183 14 27 8 2001 1 5
568183 15 27 8 2001 4.5 5
568183 16 27 8 2001 3 5
568183 17 27 8 2001 2 5
568183 18 27 8 2001 2.5 5
568183 19 27 8 2001 2 5
568183 20 27 8 2001 2 5
568183 21 27 8 2001 0 5
Total 34       
Duration 14       
Intensity 2.4           
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